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FOREWORD

i .
} Thie report covers the Phase 1II tasks of a program to develop high tem~
perature digital electronic controls for advanced aircraft gas turbine usage.
The program was conducted by the Aircraft Engine Business Group of the General
Electric Company for the Naval Research Laboratory under Naval Air Systems

. Command sponsorship.

The work reported herein was performed during the period from May 1980

- through September 1983. The Navy 8cientific Officer for a major segment of
this period was Dx. A. Christou, NRL Code 6815. The General Electric
Program Manager was Mr. Mason D, Marvin; the semiconductor development work at
the Electronice Laboratory in S8yracuss, New York was parformed under the direc-
tion of Dr. David C. Dening. Mr. James Hurtls provided overall program technical
direction consistent with the needs of advanced design digital aircraft angine
controls.

The work was in accordance with Contract Modifications P00005 through
POOO11 of the High Temperature Eiectronics Technology Program, Contract
K00173-79-C=-0010. This portion of the program concentrated on barrier matal=~
lisation improvements. In addition, the initial 1ife testing of high temper-
ature circuite and development of improved design practicee for high tempera-
ture integrated injection logic circuite ware accomplished.
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SUMMARY

8ilicon based Integrated Injaction Logic (I2L) circuits tested during
this program phase have survived a life test for over 35000 hours at 360° C
without degradation. Thess chips used aluminunu metalliszation with low current
densities (below 10,000 nmp/cmz) to avoid electromigration failures. The nead
for a gold basad metal system for high temperature applications has led to
the development of Ti-W diffusion barriers which have withstood temperatures
of 360° C for longer than 3500 hours without change. MBI integrated circuits
with a Ti-W/Au metallisation system have withstood strese tasts of over 2000
hours at 360° C. Gold hillock formation has been ihown_to be caused by the
compressive strains induced in the gold film by thcrmal_oxp-nuion miematches,
The driving force for gold hillock formation may be eliminated by depositing
the gold film at elevated temperatures. Passivation can also be utilized to
inhibit gold hillock formation. Dual level metallisation development efforts
have been initiated utilising eilicon nitride as a dielectric and passivation
nedium,

Program test results have shown that the high temperature life of an IZL
integrated cirvcuit {s not limited by degradation of the silicon itself, but
rather by the degradation of the metallization system or by the interaction

between the metalliszation and the silicon. In particular, aluminum metallica=

tion {s limited both by electromigration and by its interaction with silicon.
A gold metallization system with a metallurgical barrier was chosen for this
work because of ite lower susceptibility to electromigration.

The conventional Ti-W/Au system was found to be iuadequate at tempeira-
tures above 300° C for two baeic reasons: the conventional Ti-W system was
not an effective barrier to gold penetration at these temperatures, and rapid
gold hillock formation occurred due to residual strains in the gold film. Aa
adequate barrier was achiaved by "stuffing" the Ti-W layer with nitrogen and
the gold hillocks were suppressad by depositing the gold at elevated temper-
atures. Since the "stuffing" adversely affected the adhesion of the Ti-W to
both the gold and the silicon oxide, a more complex layered system has been
evolved to solve these problems. The regults of life tests carried out to
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evaluate this multilayered metallization system are encouraging. MSI cir-
cuitas have operated for over 2000 hours at 300° C without failure as part
of a sepsrately contracted follow-on program.
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1.0 INTRODUCTION

1,1 POTENTIAL APPLICATION OF HIGH TEMPERATURE ELECTRONICS ON AIRCRAFT
ENCIRES

Over the past decads, numercus technology improvements have been mads in
broad areas of aircraft turbine propuleion. These improvements involve sig-
nificant emphasis on both turbine engine components and on the associated pro-
pulsion systems. A notable development is the introduction of the Varieble

"Cycle Engine (VCE) which utilises variable bypass airflow from the fans to the

Jjet noasls. This feature extends the efficient flight and pover domaine of
the engine but roqulrcarl significant increase in the number of wanipulated
variables and regulating functions handled by the control. PFurther, to obtain
the advantages offersd by such an engine, & much more compltx control etrategy
must be used to govern the manipulated variablas.

As a consequence of the expanding need for additional control funotions
together with the timely progress in microprocessor-based digital clréuiery.
there s now considerable activity in the development of computer-based digi-
tal engine controls. In fact, these technologias have reached the point where
"full authority" for the engine control and for oparating integrity is being
handled by digital electronics. It should be noted that this contractor has
recently completed such a Pull Authority Digital Electronic Control (FADEC)
development for the Navy under Contract N00019=76-C-0423 (Referance 1).

The supersonic aircraft, especially the modern military fighter, intro-
duces cooling limitations associated with the fact that both aircraft/nacelle
surfaces and ram air reach elavated temparatures vhich rerder ineffective any
attempts to directly cool electronic packages to lavels suitable for 125° ¢
semiconductor operation. Current practice is to use eungine fuel as the cool-
ing/heat sink medium., This requires pumping, fusl interfacing, and elactronice
packaging having integral fuel-fed cooling tubes which increase cost, limit
reliability, and add to the system weight.

Now there is some recent evidence that certain modern fighter configura-
tions can experience engine intake fuel temperatures in excese-of the 100* ¢

usually specified. 1In such situations, fuel must be routed directly from the
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fuel tank to the control prior to the aircraft Environmental Control System and
lube oil heat axchangers, both of which contribute to fuel temperaturs rise.
This "control first" routing introduces considerable additional fuel line
length with an associated vulnerability and weight increase.

- Today's electronic controls are based on existing military-type semicon-
ductore which are rated for 123° C operation. Without fuel cooling, on the

other hand, engine=located electronics in supersonic sircraft will face oper- :
ating temperatures between -33° and +300° C, Thus the development of appro-
priato'300°.c seniconductor devices and associated circuit. slements will make .
it possible to utilize engine bleed air or nacelle air aes the cooling medium,

Fﬁ thus sliminating the liquid=fuel cooling system.

The reduction to practice of 300° C on-angine electronics will make pos~
sible direct conduction of internal heat to the surface of the electronic
on-sngitie control and direct heat transfer to the angine fan discharge air-
flow. Reduced procurement costs, system weight reductions, and simplified
control interfaces leading to higher reliability can be obtained through the
elimination of fuel cooling within the control,

i o SIS
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The question is occasionally raised as to the feaaibility of removing the
digital electronisc control from the engine and remotely locating it in the
more benign environment of the aircraft electronic bay., Thie actinn would
result in a net decreass in overall propulsion system reliasbility, because

what is gained in electronic reliability (realisable only if on-engine con= o
trol electronic construction quality were maintained in the off-sngine loca- AN
tion) {s less than what is loet in increased vulrerability of the overal! pro-
pulsion contrel system. The increased vulnerability results from (1) risk of

losa of continuity betwean control and engine and (2) risk that a single event ]

could affect multiple engine controle. ' L
Mounting the engine controle on each ongine assures that a singla failure » A

or common svent affecting only one of the engine controls will not propagate h '!

to the other engines ae would be the case if the engine control computations R

were performed in a single aircrafc computer or in aircraft computers mountad

in proximity within the electronics bay.

.................
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Distributed computers for computation and control offer an additional
advantage in that dats may be consolidated and utilized locally with only that
data needed for the next higher echelon laval being transmitted beyond the
iomediate confines of the engine. The weight and complexity of the transmis-
sion pathe are less and their vulnerabilities and failure consequences are
reduced, VNoudctng the engine control on the angine assures the shortest,
least vulnerable pathe for critical on;in§-10v01 control logic.

The on-engine control provides a degree of protection from momentary
tn:qrrupcionpgq! command data from the pilot and aircraft by continuing unin=
terrupted engine operation using the most recent good thrust command until
faults are cleared or redundant paths snergised,

The on-engine control establishes & complata powerplant asrambly, This
completeness assures system accountability which is an advantage to the air-
eraft manufacturer and the operating service from both a contractual and main-
tenance viewvpoint since the engine cannot be operated or tested without its
control. '

All of these advantages and needs for on-engine control require dssign
diligence in meeting the environmental raquirements of on-engine vibration
and temperature. Integrated efforts which couple the high temperature devei-
opment of advanced control electronics with advanced engine technology are
being pursued by General Electric's Alrcraft Engine Business Group with support
from Govermment-eponsoring agencies. The program reported herein addreseses the
high temparature electronice developments wbich will make possible utilisation
of engine~supplied cooling air as a superior approach for supersonic flight.

1.2 OVERVIEW OF HIGH TEMPERATURE ELECTRONICS DEVELOPMENT PROGRAM

The Naval Research Laboratory initiated this program in December 1978.
The firet phase, completed in March 1980, provided an evaluation of existing
high temparature capabilities found in conventional electronic parte. An
important part of this task was a literature search. Experimental measure-
ments were also made on those control circuit devices for which the literature
lacked 300' C operating data, Observed device degradation was categorised.
The data from Phase I, in conjunction with FADEC requirements, led to the
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selection of Integrated Injection Logic (I2L) and Complementary Metal Oxide

'Boniconduceoru(CMds) as the technologies for high temperature large scale inte-

gration (LSI) engine control development. An interim report (Reference 2)
dated March 1980 documents the reasults of this inicial phasa.

Phase II of the program involves developing basic integrated circuit (IC)
technology to achieve 10,000 hours mean time between failures (MTBF) at 300° C.
The Phase II activities as reported harein have concentrated on developing a
refractory metallisation system. Dual layer development, design rule opti-

 uin§gtoq, aqd*!cbtica:ion processing development have also been pursued.

Phase III {s planned to utilise the basic high temperatura technology
developed in Phase II for the design and fabrication of large scale integra-
tion davices (over 1000 gates per chip) which hava 300° C capabilicy and which
incdrpoiato FADEC clrcuitry. Pabrication and high temperaturs evaluation will
be {nvolved. '

Three activities are planned in Phase IV: the development of (1) passive
parts, (2) interconnection/bonding/metallurgy, and (3) packeging techaniques.
Pasaive parts qili be upgraded as necassary and tested. The interconnection
system development will be based on extending Kovar TAB techniques to enhance
thermal cyclic 1ife., Candidate bonding techniques for refractory metallisation
systems will be investigated to establish one or more processes suitable for
300° C. General Electric has a unique hybrid microelectronic package under
development for on-engine-mounted controls having fuel cooling. This i
based on multilayer refractory matal cevamic substrate techniques, a technol-
ogy which will serve as a starting point for moving up to & 300° C capability.

Phase V involves the application and circuit demonstration of the high
temperature electronics capability developed in the earlier tusks. Using the
circuitry from the Navy's Pull Authority Digital Electronic Contvol Program,
an actual control subsystem will be prototyped and operated over the =55° to
+300° C temperature rvange.

In Phase VI, the balaance of & complete electronic «ngine control will be
deaveloped. In addition to the electronic circuitry, this will include such
control=located parts as pressurs sensors, filters, and connectors. The
resulting control will be demonstrated in the laboratory, both open and closed
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loop, using a computerized engine simulation. Later, a system's test will be
run {n wvhich the control operates sensor and actuator hardware, again with a
simulated engines,

1.3 THE P CE OF INT TED INJECTION LOGIC AT HIGH TEMPERATURE

" The contract effort for this phase concentratad on barrier matallization
dcvnlppunﬁc. As a rolult;'i rcpor:_o! this work doas not include information
on the operating performance of IZL at high temperatures. The initial work
documenting the intrinsic high temperaturs propirticl of'iutczrnccdlihj.ccion
logic was performed in 1979 under an IR&D program sponsored by the Aircraft
Engine Business Group. The relevant section of that IR&D report has been in-
cluded herewith as Appandix A to supply background informstion., Devices
similar to those discussed in this appendix were used as life test vehicles
in this program.

It should be notud that Section 5.0 of this contract final report dis-
cusses a computer nodcltnj study for inpiovin;vthc high temperature properties
of this older styls of double diffused bipolar I2L process, Analysis of the
never generations of ion implanted bipolar processes have shown that they sre
capable of producing IZL with a faster switching speed and opcrncing at even
higher temperatures than thosa discussed in Appandix A.
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2.0 METALLIZATION TEST MASK DESCRIPTIONS

Two mask sets wara employed during the course of this program. The 7~471
metallization development masks were used to fabricate preliminary life test
samples and uetallization samples.  Tha El1l5 mask set was designed during this
period of ths program to serve as a process development aid and to supply life
test circuits with an MBI level of complexity. This veport ssction describes
the features of the two mask sets.

2,1 7=471 METALLIZATION DEVELOPMENT MASK

In the previous phass of this program, a custom Integrated Injection
Logic (IZL) metallisation test mask set was designed. The resulting 7-471
test mask includes a number of differant test elsments which are aimed at
deternining constraints on ohmic contact size, metal width, and epacing, as
well as generating a test element which includes symmetrical cell integrated
injection logic gates and ring oscillators. A description of this mask pat-
tern is repeated for continuity and background since much of the work in this
phase was based on expariments with chipe fabricated using this pattern.

The test elements were designed in a manner which allowe (1) ohmic contact
resistance to be accurately measured from extevnal package leads, (2) series
reasistance to ba accurately measured while arbitrary current levels are passed
through a metal thin=film conductor element, (3) arbitrary voltage levels to be
applied between adjacent metalligzation runs for dielectric evaluation using
external package leads, (4) integrated injaction logic gate digital gain to be
measured from external package leads, as a function of temperaturs, and
(3) integrated injection logic propagation delay to be externally measured
using seven-stage ring oscillaters. The mask consists of a rvapatition of the
190 x 186 mil master cell shuwn in Figure 2-1., The master cell is divided by
scribe lanes into four separable chip types. Each chip, therefore, has an
area of 95 x 93 mile. Within each chip there are two different test element
cella. Celle Al, A2, A3, A4, Bl, B2, and B3 are metallization test elements.
The tinal cell is an incegrated injection logic active test circuit.
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Figure 2-1.

Master Cell Block Diagram of the 7-471 Matallization

Mask,
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The metallization test cells were designed to investigate the electromi-
gration effect of the thin metal layer as a function of the metal line width
and metal line spacing at elevated temperature. The electromigration effect
could eventually cause metal line voiding and resulting open-circuit and short-
circuit situations between separated metal lines, The metal test elements
vere designed with a four-point probe capability to enable precise measurements

to be made to detect sffects of electromigration long before catastropic fail-
ure.

Figure 2=2 shows a plot of the metal test element Cell Al, which is also
representative of A2, A3, A4, Bl, B2, and B3. Like all the test elements, Al
has 24 input/output pads. Pads 1, 2, 3, 4, 13, 14, 15, and 1& are used for
ohmic contact evaluation. Pade 5, 8, 21, and 24 constitute a four-point probe
for the precise measurement of « metal conductor which {s 0.25 mil in width,
Pads & and 7 contact both ands of a second 0.25 mil wide metal conductor,
vwhich is spaced 0.25 mil awsy from the original central mat;l conductor. Pads
22 and 23 contact both ends of a third 0.25 mil metal counductor, which is also
spaced 0,25 mil from the original central conductor. Pads 9, 10, 11, 12, 17,
18, 19, and 20 perform a second experiment, where the conductor width and spac-
ing are both 0.3 mil (instead of the 0.25 previously discussed).

To cover the range of the current integrated injection logic fabrication
process, four different widths of wmetal etripes were chosen: 0.2, 0.25, 0.3,
and 0.4 mil, The metal stripe spacing was matched to the metal stripe width
in aach test slement.

The metallization test ~clements also inveetigate the effect of contact
hole size on the ohmic contact resistance for each type of doped region. On
sach metallization test cell (from Al to 53).':ho top and bottom four pads
were used for ohmic contact studiee.

For the electromigration studies, each test cell contains two electro-
migration test vehicles containing three parallel metal stripes which are
greater than 10 mile in length.

The stress pull test on wire bonding can be dons on the enlarged metal
pad of 8 x § mil size near the center of the test chip (numbered 25).
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Note: This Metal Pattern is Typical of the Seven Metallization
Pottavns on the 7~471 Mask.
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Steps in the surface contour of a monolithic circuit are known to degrade

the uipful':coolutfdn éapiﬁftity of any given metallization system as well as

increase electromigration iﬁfcctl. To reveal possible problems, various com-

binations of thouc'ltcpo'wurc'intcntionally designed into the metal test ele-

tiencs. Thus cdvcn“tcut element cells ars devoted to the evaluation of conduc~
- tor line width, spacing, ipd"éﬁﬁiéhcédtlcﬁ'rcoit:nnco. Table 2-1 indicates 4

-thcviing wiqch;ﬂih;%11§6 ip§ﬁing;fdnd the type of contact being tested in each .
. of the metallisation test cells.

" Tabls 2-1;?Tﬂi£11 Test Cell Features.

Oxide Feature Conitact Opening,
Under Four Probe | Line Width, and
~.Cell | Electromigration Line Spacing, Contact
Designation | . .:": Line " . wmile Test
Al ' 0.25. P
1 P 0‘3 p
A2 n- 0.25 n
n’ 0.3 n
Al pn 0.25 ap
- 0.25 Schottky
Ab pn 0.3 np
- 0.3 Schottky
Bl pn 0.4 np
- 0.4 Schottky
B2 p 0.4 P
n 0.4 n .
B3 n 0.2 np LA l
Figures 2-3 through 2-6 show the four chip types. Figure 2-3 is a photo- . :{»jJ
graph of a chip which includes both Al and A2 test davices. Figure 2=4 is a L
photograph of the A3 and A4 chip and Figure 2-5 is a photograph of the Bl and

B2 chip. Figure 2-6 is a photograph of the B3 metal test configuration along ::.Zi
with aa integrated injention lugic test cell. This test cell is aimed at eval- s

uating integrated injaction logic active circuits with the barrier metalliration ; i
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Figure 2-3.

Photograph of Al/A2 Chip.
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Figure 2-4. Phntograph of A3/A4 Chip.
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_eystem. The integrated injection logic circuit test call consiste of the
!ollcwin; _couponents:
1. A rectangular nynﬁntricnl jnﬁn cell and a slanted symmetricsl gate

cell, each cell containing a dual output logic gate and & qund out-
' put logis gntn as shown in riguro 2-7.

2,.Q.80von-gelgo ring oncillltorl unins the same bauic gates described
: "-nbevo. - o :

3, A lcvcn-ctugo ring oncillntor with roducld gaomctry gctol.

2.2 1;5 muu. um wrg:.;gmou DEVELOPHENT MABK
A eont malk ncodcd for the development of thc dual level natnllilltion
nyotnn wa dcli;nod using the Calma layout cquipncnt. ‘The maak set dasign
obj-ctivol vers the !ollawin;x 7 }
>_o f‘Providc a test vehicle. tor the proccnling dcvclopnont of a dunl
© level metallisation system, -

| gi_ Provide potential yinld in!oruncion !or :ho ducl layor mo:cllill-
tion system in conjunction with a General Blectric standard IZL
bipolar process.

¢  Provide a life test vchlelu tor components vich MSI 1uv01 gate
complexity as a means of svaluating the various elements used in
a larger chip design,

. Provide the ability to monitor electrical properties of the dif-
fused semiconductor vegions and the metal system before and after
high temperature life tests.

The overall master cell producnd'from the mask set measures 7832 microns

(309 mile) by 35478 microne (216 mils) from the inside of the scribe lines.
The master cell is dlvided into six seactors «s shown in Pigure 2-8. Each

ssctor is 2484 microne (97.8 mils) by 2639 microns (103.9 mils).

Sector 1 is used to evaluate resistance parameters. B8ectore 2 through §
are devoted to metallisation experiments. The metallisation experiments employ
a standardized pad placement so that & eingle probe card can be used for test-
ing. Bach of the metallisation sections may be packaged in a atandard 24 pin
dual in-line package for individual testing. Various metal design rules are
being evaluated through the use of this mask including both a conservative and
an aggreseive approach.
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Figure 2-7. Packaged 121 Ring Oscillator Test Circuit. '
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Figure 2-8. E115 Hetallization Development Test Mask.
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2.2.1 Sector 1 Dascription

' A
A

-Thcltitlc,;iftor f?i;ufi;229i[provid.| a means of monitoring many of the
processing variables cngt:couid'bc of interest 1n’¢evcloping the metallization
systen and improving the high temperature performance of the integrated cir-
cuits. In general, the structures in this sector can be used to monitor the
sheet rooti:anco'ot“ého various. ditfuoionl. resistors, and metal ‘layers. In

n addicion. :ho contact. rcoilcnncc bocv..n the metal llyoro ‘and’ the vartoul ale- .
wents whleh they norually toush nay lllo be monieorcd. A liucing of chcnn
lcruceurou iu 3£v|n tn Tabl. 2-2- _

e 3 S 4o
Tale S

-+,
pospt.

T
oy

o o
e 0N 2 B
Pl Ul D1

- A

Tabln 2=2, Tnlt Elements Located in Sector 1 of El1$ Mnlk Set,

L e E
et =

Location |  Structurs Measurement

C¢JL Out Dcocription : _ . Purposse
Al Greek Cross "shlliqﬁ n* Shest Resistance
A2 Van der Paul | Shallow n* Shaet Resistance
A3 || Greek Cross | Buse Shest Resistance
LU Van der Paul | Base Shest Resistance
AS Greek Cross Oversized Base Implnn: Resistance
-3 Van der Paul | Oversized Base Implant Resistance
B2 Greek Cross Epi Layer Sheet Resiatance
83 Van der Paul | Bottom Metal Sheaat Rasistance
B4 Van der Paul | Top Metal Sheet Resistance
B3 Greek Croses Pinch-off Base Shest Resistance
cl Greek Cross Bottom Metal Shest Resistance
c2 Grask Cross Top Metal Sheet Resistance
c3 Greask Cross Top and Bottom Metal Resistance
C4 Gresk Cross Top to Bottom Metal Cortact Resistance
cs Grask Cross Thin Filo Resistance R
D1l Greek Cross Bottom Metal to Shallow n* Contact Resistance L__4
D2 Greek Cross Bottom Metal to Base Contact Rasistance
D3 Greek Cross Bottom Metal to Implantad Base Contact Resistance >
D4 Greek Cross | Bottom Metal to Epi Layer Contact Resistance _
D3 Greek Cross Top Matal to Epi Layer Contact Resistance ;- 4

18




Figure 2-9, Sector 1 of The E115 Test Mask Addressas
Process Monitoring and Evaluation.
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2.2.2° saecpr 2 Description

This is one of the sectors vhich will be heavily utilised in the develop-
ment of the dual metallisation system. This particular sector (Figure 2-10)
coucentrates on the atep coverage ability of the two metal levels. The sig=-
nificant’ features of each sector structure are described as follows:

‘e (Al) Bottom Metal Continuity Teat -

A bottom metal serpentine runs across diffusion stripes. The dif-
- fusion stripes are formed by interlacing shallow n+ atop the deep .
‘n+ diffusions and base atop the deep p+ diffusions. Bach diffusion
stripe is 10 um wide with a 10 um spacing. The eerpentine is 9 um
wide with a 9 um epacing. Contact taps are brought out at 1,300,
3,900, 9,100, 22,100, and 62,400 um,

. gs1z Top Metal Continuity Test

Same arrvangement as bottom metal (above) but meterial is top metal
instead of bottom metal.

o (A2) Ospasitor Test

A capacitor {s formed from three conduction layers (top metal -

insulator = bottom metal - oxide = shallow n+), The size is

250 % 250 um. Thie will allow an evaluation of pinhole defects
v {n the dielectric layers and & large enough region for an Auger
o profile of the dual metal system if needed,

® (32) Metal-to-Mstal Bridge Test

A top metal serpentine runs over a bottom matal ssrpentine with
diagonal diffusion stripes underneath, This is a combined test
for metal-to-metal shorts and open metal lines,
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Figure 2-10. Sector 2 of the E115 Test Mask Addresses
Step Coverage Evaluation.
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: 2.2.3 Sector 3 Description

I" This group of test clements (shown in Figure 2-11) will be used to evalu=-
ate contacts between the matal layers and contacts to various active and pas-
sive devices. In addition, metal patterning ability will be evaluated using
the interdigitated fingers. The 6 um epi bipolar process design rules are used.
The sector structures are described as follows:

. (Al) Metal/Thin Film Resistor Continuity Chain ;
Evaluiﬁid contact intcgrttylnnd potential yield between bottom metal .
.and thin film resistors. Thin film resistors are 9 um wide. The .

‘bottom ametal.overlap of the thin film resistor is 9 x 11 um. The
chain is tapped sut after 38, 76, 152, 304, and 1026 contacts.

0- (Bl) Metal/Base Contact Céntinuicx Chain

Evaluates contact integrity and potential yield for a series of
contacts batween base material (ion {mplant optional) and bottom
level metsl. All contact openings are 8 x 8 um with a metal over-
lap of 2 um (6 um design rules). The chain is tapped out after
30, 60, 120, 240, and 1020 contacts.

° gAzz Top Metal Interdigitated Lines

Evaluates patterning capability for a series of parallel lines and
the occurrvence of shorts betwsen adjacent rune. The fingers are §
um wide with a spacing of 9 um. Each finger is 8735 um long.

-_‘-. oo L

Pl ae e
#70 Lalale

o (B2) Bottom Metal Interdigitated Lines

Fingers are 9 um wide; epacing is 9 um; lergth is 875 un. (Same as »éuni
for top leval metal,) . o

. (A3) Metal/Matal Contact Continuity Chain

]

8 RO
%i Provides a via integrity test between top metsl and bottom metal. '

q Each via is 8 x 8 um with a 2 um top metal overlap. The chain has “f*‘%
taps brought out after 34, 68, 136, 272, and 1030 ceoatacta.

. (B3) Metal/Shallow n+ Contact Continuity Chain

Provides & chain of :contacts between bottom metal and the shallow
n+ diffueion layer. Each contact opening is 8 x 8 um with 2 um of s
metal overlapping the contact opening. The chain has tape brought :
out afcer 36, 72, 144, 288, and 1008 contacts.

22
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Sector 3 of the El15 Test Mask Addresses
Evalustion of Inter-Layer Vias and Contacts

-11.

Figure 2

to Various Active and Passive Devices.
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2.2.4. écccor 4 Déoérip;ion-

‘ Thil ‘sector contains ‘the test elemunts (Fugurl 2=12) that will be employsd

" in the MSI complexity high temperaturs life test demonstration. Nominal design
7 '7ru1|| for chn 6 um cpi bipolur procono aro uoad._ Also, a lingla IzL gate hnn
*H,conncctionl brough: out !or proccllins cvaluaeicn. and motnllizction atruc-

”'tural aro 1ncludod £or high :cmpotqturn lvnluaticn durins the dcmonltration.

B iTho o.ctor uttusturcl uru dclctibcd as £ollowox

Thil nonntn:n of an 1n:cgruttd tcvcn-ltngc ting oacillntor and !our-
 .bit binary counter. A clock-is genersted by a seven-stage I2L ring
oséillator. The clock frequency is céunted down by a: factor of 16
through four toggle flip flops. The resulting signal pulses are

' buffurud nnd brcugh: out to & pad for monitoring. o

"ji’, 'gngz Boccon Mac:l COntinuicx T.:c

The serpentine is conocruc:.d of & metsl ruw 9 um widc with & 9 um
spacing. The total length is 34 mm with alterndting blll on p~tso
and smitter on n+ sinker diffusion steps underneath.

o f€1) Mc:nl(M.tnl Contact Continui tz Chain

Via integrity test between top and botcon metal. Each via is 8 x
8 um with 2 um top metal overlap and & 4 um bottom metal overlap.
The serpentine is tapped out after 60, 130, 240, and 660 vias.

° (¢2) 12L Evaluation Cate

AlL necessary connections to a pair of dual-collector 121 gates
are brought ocut to the pade for process evaluation.
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' Figure 2-12., Sector 4 of the E11l5 Test Mask Provides
MSI Specimena for Life Testing.
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2 2 5 8¢c:or 5 Description

Thil 3roup (rigurc 2- 13) evaluates soame ot the more conssrvative and some
of thc more c;grcnniv. dali;n rulol.. The sactor structures are described as
tollov..-'f : S -

SR ST

T Azlﬂnotal Mnenlr oneac: Con:inuit, Chain

" th into;rity e.uc with ng;rclnivc dooign rul.o. Via oponinsn ‘are
$ x4 um with a 3 um-top metal overlap and & 6 um bottom metal over-
lap: "The lorpontinc is enppcd oue afccr ao. 80. 320. 520._nnd 1000

:' ivt.'c L o
.con:ac: incn.rity cclt bocwcon th{n tllm rnliocor and bottom netal
- with aggressive design rules. The thin film resistor material is
6 um wide. The overlap area between bottom metal and thin film
resistor is 10 x 6 um. The serpentine" s tnppcd out lfcnr 40, 80,
o - 320, kOO. and . 1000 contacts. B
f . 32) Top Matal Intcrdi itated Linjn' net visible oh”ti ure

Interdigitated fingers for patterning evaluation of aggressive
metal design rules. Fingers of top wetal ave 10 um wide and
spacad 3 um upart. The total finger length is 1000 um.

) (€2) Bottom Metal Interdigitated Lines

Interdigitated fingers for patterning avaluation of aggressive
metal design rules. The fingers of bottom metal are 6 um wide
and spaced 3 um aparct. The total finger length is 1000 um,

0 (D2) Thin PFilm Resistor

Thin film reeistor 25 by 250 um (10 squares) with a substantial
bottom level metal overlap contact to each and.




Sector 5 of the E115 Tast Mask Addresses

Evaluation of Various Design Rules.

Figure 2-13,
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2.2.6 Sector 6 Doncrigtxon

Thto sactor (Figure 2-14) ovclucto. pattorning abilicy u.ing conservative
‘design rules and Integrated Schottky Logic (ISL). The integrated Schottky
gateas will nood opcoial proconnln; to open tha collector contacts through the '
thicker. !icld oxido 8o these cirouitl will not nlwayn bo nvcilcblc. The vari~
,oul loetor lcruneurcl qro dtlcrtbcd bclow.,x'

,‘, gA1z Botton Motal Conetnuitz Test S ,:' o ' o -':

d——

C

e R

P

S
‘This. continuicy eolt evaluates narrow bottom mccal lines with the .
uopacingo sa that thers is a high .probability thct they can be pat- _ "

terned. The metal n.rpcn:ine is 6 um wide with a 9 um spacing.
Taps are brought out at 1 200, 2 600. 9,600, 28, 800. and 37,600 um
inecrvcln. _

e Bl) Top Matal Conti u{: Tco

This continuity test of top setal uses con.urvotivo design rules.
The serpentine metal line is 10 um wide with a 10 um spacing., It
is cnppod out after 1,200, 2,400, 9,600, 28 800, and 57,600 um,

® (A2) ISL To..;c rlig-rlog

A one=bit toggle flip flop ie implemented with ISL which utilizes
the acho:tky diodes between the bottom metal and the epi region in
the gate's oolloc:or. Current mirrorl are used as power source.

. (B2) I8L Rinl Qscillator

A nine-stage ring oscillator and a ona gate test cell were con-
atructed using integrated Schottky logic. Current mirrors are
used to power the ISL gates. Onae I8L gate hae all its connections R,
brought ocut to pads for extarnal evaluation. Ve
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Figure 2-14. Sector 6 of the E115 Teet Mask Enables o
Evaluation of Conservative Design Rules
and ISL Gate Evaluations.
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3.0 HIGH TEMPERATURE METALLIZATION DEVELOPMENT

The intrinsic capability of silicon semiconductors to function at the
300° ¢ level was setablished during Phaee I of this program. ‘The metallisae~
tion development, howsver, has turnad out to be far more difficnlt than ini-

tially contemplated and has seceivad a major portion of the program develop- .
ment sffort over the past sevaval years, This section of the report describes ’
the mctnlltlntion dovnlorvsnc progress that was lcccmplinhod during this pro- .
- -gram phan.. )

" Section 3.1 describes the metallisation etatus at the veginaing of the
program phase. Auger electron spectroscopy accomplished during a 2000=hour
300° € avaluation provided a preliminary indication that the diffusion barrier
capabilitiun ot the metallisation nyn:om were latincceeory. '

Section 3.2 deacribas the shortcomings of the diffusion bar:i.r which
becane apparent ‘when accelerated testing at 330" C was initiated. The use of
nitrogen to "stuff" the Ti-W grain boundaries as a solution to the diffusion
problam and the development of an optimum spuctering deposition process are
described. This section also discuesas the elimination of the etuffing at
the silicon oxide interface as & solution to the resulting adhesion prodblem,

Section 1.3 describes the expariments which substantiated that internal
stress in the motallisation resulting from differential thermal expansion was
the driving impetus behind the crystal formation observed in the gold conduc-
tive layer. Metallisation deposition at high temperature to eliminate the
thermal stress ie deescribed in addicion to the usa of hydrogen doping as a

crystal formation retardant. The usa of wet chemistry patterning with resul-
tant undercutting, contaminant entrapment, and bubble-void formation is
described.

Section 3.4 describes the effnrt which led to the local elimination of D K
the nitrogen stuffing at tha Au/Ti-W interface as the final solution to the -

metallization adhesiun problem.
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-8ection 3.3 specifies in detail the mecallisation process which has been
ieveloped during this program phase to solve the diffusion, adhesion, voiding,
and crystal growth problgno which have been ancounterad.

" Section 3,6 describes the preliminary work that was performed to show the

‘totaibllity of a dual-level systen, The ion milling and lift-off patterning

processes are discussed, . -

3.1 TATUB AT l GINNING oF P PHAS!

As this phuo. vas inlcioccd there vas & premise that a ccandard barri-r
metallisation system could be adopted for the high temperature integrated cir-
cuit metallisation for the program. Two candidates were (1) .a platinum sili~
cide/titanium (10%)~tungsten/gold barrier metal system and (2) a chromium/
molybdonun/:old bcrrior metal system, Initial investigations indicated that

‘both. metal. lyutnnn were capable of extended oporncion at 300° C.. Mowever,

patenrninl problonl. adheeion problems, and a need for accelerated life test-
ing above 300° C eventually necessitated the development of an improved metal=
lination.

Both metallisation systems which were investigated were comprised of
thres individual layeres: the bottom layer (platinum silicide or chromium/
chroaium silicide) {n intended to form oumic and metallurgical contact to the
s'licon oemiconductor, a top layer of gold provides low impedance electrical
interconnection between reglons of the eilicon chip, and the middle layer
(ticanium=tungsten or molybdenum) provides a diffusion barrier betuvecn the
siiicon and gold layers. The diffusion barrier properties may be improved by
the addicion of a grain boundary stuffing material such as oxygen or anitrogen.
In many cases, oxygen is naturally incocvporated into the barrier as a contam=
inant from the sputtering eyetem.

Both wetallimation eystems weve studied ueing auger electron spectroscopy

'(AES) before and during an extended annealing cycle at 300° C. The information

plotted from the AES profiles ars the signal intensity and the eputtering time.
Thue the relative percentage compneition of a layer may not ba determined from

a1




_atable,

these vesults.” However, the AES profiles do provide relative positional indi-
cations of the various metallisation laysrs. Figures 3~ through -4 ghow pro-
2iles taken before, during, and after annealing at 300° C for 2000 hours. The
Ti-W diffusion barrier ie intact afer 2000 hours ac 300" C and appears to be

The ABS profiles of the Cr/Mo/Au lyncnm'lfo'ohown in ?1¢ui6|“3-5'thioush'
3-8. Profiles are shown for the lu-uput:orcd sample and at varioul tiues dur-
ing the uublcquone anneal, The oxygen present on.the diffuiion’ ‘barrlir layor ,
is believad to stuff the uolybdlnun 3ruin boundaries, thus supprassing the o 'an
interdiffusion, ' 7 S o 'q'.'ag L = ‘

“‘Both n-talllnatlon |yaccmo provided- lntinfcccory bcrrior propcrttcu !or
long pcriodl of time at 300° < as can Be- ssen {n Figurnl 3«4 and )ua. uow- 3
sver, probloml -with the: harrior metal adhesion to .the chips, the ubiliey ‘to
pattarn the metal’ systen for integrated circuit interconnect, ‘And che abiltey
of the matal system to withstand the vigove of the hi;hpr CAmperatuTas. :uguiro§
for accelerated life testing mandated that furthar improvements b made, © -

3.2 IMPROVEMENTS TO DIFPUSION BARRIER SfSTBM

The goal 01'10.000 hours oﬁorncion at 300* ¢ Jnn'only be demonstrated through
sccelerated 1ife testing, With this in mind, smmples nf the titanium=tungsten
barvior metallisation eystem on blank wafers with platinum eilicide were
annealed in & diffusion furnace for 50 and 100 hours ut 330° C. All samplas
had platinum eilicide formed on blank eilicon wafers. Then the titanium-tung-
sten diffusion barrier was sputtered down at 200 W (1.09 W/cm?) in a 10 micron

argon atmosphers in both a static mode, where the wafers remain stationary

beneath the target, and a dynamic mode, where the wafere rotats on a carousel ,
passing under the target once per revolution. Aftcr dapositing 2500 A of har-
rier, the top gold layer vas deposited (5000 A also sputtered). .

Theee samples wara annealed for 50 and 100 hours at 350° C in a furnace
with a nitrogen ambient. The results shown in Figures 3~9 and 3~10 were
encouraging but not up to the requirsd etandards. The dark region in the
dynamically deposited wafer shown in Figure 3-9 is, in reality, a specular
surface; while the lighter colorad statically deposited wafer has a slightly
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jer Metallization System After Annealing 50 Hours at 350° C.

Ti-W Barr

Figure 3-9.
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‘grainy feature when viewed under high magnification.. The circulcv patterne
‘are a result of the guld end silicon intetmixing through point ‘defects in the
_ barrier. :

”Tthi,propur:iag-o!'thc-bcrritr metallization system needed %o be; improved
‘to, enadble }gq;‘torm;q¢qutnrgtg§ yize;c.gtin;~§:atgnpo:¢tugon approaching -

‘rier via.rucotivo apu:cotins (Rnforoncn . in'nddifioni‘it hii b.eh’ihoin
" that pure :ituniun-tungotcn filnn form- rolqtivcly poor . diffueion: barrioro to
'-gold (Rotcrcnoo 6) Tha uork :nportod by nnkor ot cl. (R.ﬂcrunco 5) shows.

TN o Ve Nt B UL e ¥ i T 8 s Taa T L M— S

resistant to silicon and gold dif!ulton up. to: 400' C.,

Au metal nyltam. This decision vas not Arbierary but wno bclod on the’ pro-'
jcc:cd 1mprov¢monc| ‘of ‘the Ti=W based systen relative ‘te the chromiun/no yb-'
denum barrier aysctem. After this decision was made, a report (Reference 6)
wvas found in the literature indicating that nitrogcn'otuf!cd-nolybdinun vas as
ottoﬁeiﬁc as-nitrogen stuffed Ti~W. for a dif!ﬂlion‘bt?ricr. Hovever, : judging
from the relative number of publications, it vas felt that the Ti-W approach -
provided a higher probability of success for the program.

The titanium=-tungsten barrier properties were improved as &« result of a
series of deposition experiments. In a static mode, the wafers remain under
the target and the titanium-tungsten barrier was sputtered down with a power
of 300 W (4 inch target) on blank silicon wafers upon which platinum silicide
had already Leen formed. Nitrogen partial pressures of 0, 0.4, 1.0, and 5.0
microns were used i{n four test runs where the sputtering pressure was raised
to 10 microns with argon supplementing the nitrogen. After anasaling for 100
hours at 350° C in a nitrogen ambient, the film which had been sputtered at

1.0 micron nitrogen partial pressure looked the best but still showed some
signe of barrier breakdown.

A second deposition matrix was fabricated using a 1.0 micron nitrogen
parrial pressure with enough argon to bring the system pressure up to 10

microns. The deposition power was variued in.the following steps: 100, 300,
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©,330% C.. Pravious fnvestigations teported in the literature ihﬁgcqtnd-nhggiai'
sither oxygen or nitrogan. could; be incorporaebdfin'tho titanium=tungsten bar- .
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At thio point, it wll do:idcd o conccncrctn tho cffort on; the. PcSL/Ti-w/i,iw




o~
S
k.

310, and 1000 Watts. After annealing for 100 hours at 350° C in nitrogwn, the
1000 Watt 1.0 micron nitrogen stuffec sampla demonstrated the best stable bar-
rier capability.

. A Ti-W barrier which was deposiced in a 1.0 micvon nitrogen and 9.0 micron
argon partial pressure at & 1000 Watt deposition power using &n 8~-inch targat
demonstrated excellent stability,. This became the atandard 3bld/oillcon dif-
fueion barrier for this project. However, it scon bacame apparent that selec~
_tlvely stching the nitrogen stuffed titanium-tungsten layer was difficult with .
wet chemistry techniques. Normal etch cycles would leave a thin remnant layer .
of titanium=tungsten.over the diclectric area of the chip which resulted in
appazently "leaky" sctive devices. Attempts at completaly erching the thin
layer resulted in undercutting the metallisation: Figure 3~11(a) shows the
integratad 1nj|cr£od}193£c.gncc transistor characteristics on a wafer with
this loakage problem. From the figure, the total resistance butwean collector
and base contact can be deduced to be about 7090 olime. (asruming a cransistor
gain of 10). Although thie il a large resistance, it did noc pose a signifi-
cant problcn for logic gate operation.

Anochcr preblem which bacame apparent after the firet 1ife test with the
initial metallisation system was that there was poor udiaesion between the
titanium-tungsten matal and the field silicon dioxide. This problem was par-
tially attributed to the undercutting of the matallization but was aleo a fac-
tor in large matal regions which would not be significantiy uffected by under-
cutting. PFigure 3-12 shows the results of a tepe pesl test on an electromi-
gration test celi. The poor adhesion was thought to be a result of the nitro-
gen doping of the barrier which modified the t.nncity of the Ti-W diffueion
barrier to adhere to the wafer oxids.

In the end, the simple addition of an uxidizing cienning stap and the
employment of an undoped sublayer of titanium tungeten for sbout 10X of the

total barrier thickness (200 A) before the deposition of the main barrier Z";j
solved the adhesion problems. Also, since the undoped titanium tungstern tends T
to etch faster than the doped barrier material, the final sublayer was removed
completaly without overetching or leaving a thin resistive film. Thae barrier

metallization system crose section at this point in the program is ehown in
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(a) Leaky Transistor Characteristicsé Associated with
"~ Inadequate Field Meatal Removal (Wafer No. 21)
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(b) Low Leakage Associated with Process Refinements :
(Reworked Wafer No. 21) |

Figure 3-11. Active Device Characteristics.




Figure 3-12,

Metal Lifting as a Result of a Peel
Any Metallization Improvements Were

Teat Before

Implemented.
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- barrier metallisation. 1In addition, curve tracer plots of similar sites on
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Figure 3-13. The scale in the figure is distorted to illustrate the details.
The total Ti-W barrier thickness is about 2000 to 2500 A with the bottom 10%
undoped. The silicon oxide thickness can range from 3,000 to 10,000 A and
the top gold layer is curraently 5000 A,

The addition of the undoped Ti-W sublayer improved the wet chemistry pat-
terning accuracy of the metal system. Figure 3-14 shows an exsmple of thase
patterning results on the electromigration teet cell. The minimum line width
and spacing is 0.2 mil (8 microns). rigqu'S-IS shows & closeup of the upper
four point préb. olcc:roﬁigrntion test vghiélo'wlch a 0.2 mil line, with a 0.2
mil spacing betwsen the electromigration test line, and a 0.2 mil guard line
on each qidi; It will be noted that the center conductor is slightly wider
than the outeside conductors due to the n-type diffusion cut within which the’
center conductor is positioned.

Figure 3=16 shows how logic gates and ring oscillator sections appearad
on the patterned wafers. The metallisation system (shown typically in Pigure
3-13) was patterned using & wet chemistry atching sequence. Ths narrowest
line width in Figure 3-16 is 0.3 mil, A tapa psel test removed none of the

all wafers indicate that base collector leakage currents were all leps than
0.2 microamperes. Figuré 3-11(b) shows the improved electrical performance
dus to this process comparad with leaky characteristics sxperienced earlier
and shewn in Flgure 3~11(a). The results shown in Figurs 3-11 were obtained
from the same wafer after the original metallization was stripped off and

reapplied,

For metalligsation development, blank silicon wafers completely covered

with platinum eilicide were utilised for process monitoring of the barrvier L;,.
integrity. One of these 2 inch wafers vas annealed for 100 hours at 363" C in e
a diffusion furnance with a nitrogen ambient. One defect in the barrier metal
was examined using the scanning slectron microscope. Figure 3=17 shows the

edge of the wafer (left) and the defect (lower right) at 20X magnification. !
The defect size is sbout 17 mile in dismeter., Figure 3-18 shows the defect
area at 200X magnificacion. A depression is visible in the center of the

defect region where the gold layer was diffused down through s channel in the
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Figure 3=14, Electrumigration Test Cell.
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*igure 3-15,

Closeup of Metal Etch Resoluticn Capability (0.2 mil Metsl
and 0.2 mil Space).
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Integrated Injection Logic Test Chip Using

Metallization Process Improvements,

Figure 3-16.
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Fﬁuro 3-17. Point Defact in Barrier Metallization
' After 100 Hours at 363° C.

0

Figure 3-18. Point Defect at 200X Magnification
Annealed 100 Hours at 365° C.
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bevrier. 8ilicon has diffused up through this same channel and spread out into
the gold layer causing the circular pattern. Figura 3=19 {s & closeup of the
depression veglon at 2000X magnification. It appears that the gold melted and
flowed down through a hole in the diffusion barrier. Pigurc'3-20 is a closeup
of the dcproai{pn.arcc showing a small pit in the canter about 2 microns in
diameter. Hicrbpgobc analyeis of this pit shows almost equal concentrations

of tungsten and gold indicating that the barrier layer iteelf is exposad.

These defects in ehQ'pdrriQ; wetallisetion system could reprasent a latent
ggildgq”nnéhgnilm;ﬁflg}thgjhnrélgt_ﬂngg:“pccurrgd in a contact opening, the
resulting lotdwdtftupibn~£nto the eilicon from the contact would reduce the
minority ccrrii:,litocinp and cause that gate to fail due to reduced gain and
increased contact rasistance. This problem can only occur if the defect is
positioned in a silicon contact region. At all other locations, such a defect
would be over the chip field oxide which in iteelf brovidco an excellent dif=
fusion barcier, o .

To determine if barrier defects wculd cause any chip yield problems, one
of the metallisation process monitor wafers with the metal system on platinum
silicide was patterned ueing the electromigration test cell metal mask and then
annealed at 367° C for 100 hours. Figure 3~21 shows a typical ring oscillator
metal pattern after the anneal. PFor a barrier defect to affect chip yield, the
defect must occur in a contact opening where the metallisation contacts the
silicon (for example, the small rectangular sreas under the "D1"). All the
metalligation ehown in Figure 3-21 was formed on top of platinum silicide as
contrasted with an actual working die (shown in Pigure 3-16) where the majority
of the metallisation is on top of a field oxide. A barrier defect was found
within cthe metallization pattern on another die site as can be seen in the
larges 8 by 8 mil bonding pad shown in the center of Figure 3-22, It should be
noted that if this metallisation was actually on a diffused wafer, the defect
shown in the figure would be on top of the field oxide and would not huve been
exposed by thie snneal. This exsrciss provides some indication that the defect
density in the barrier matallization will enable reaconable chip yields.
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Figure 3-19. Center of Point Defect at 2000X
Magnification Aunsaled 100 Hours

at 36%° C.

Figurewi;ZO. Two Micron ?it at Centér of Pbint
Defect Annealed 100 Hours at 365° C.
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Figure 3-21. Ring Oscillator Metallization Pattern on Platinum Silicide.
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Fipure 3~22. Barrier Metallization Test Pattern on Platinum Silicide Showing
a Defect in the Barrier.
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"’3canlo. nound

" hillocks wara @b
. (Figure 3-25).; In. aome ca.nl (rtc“r. 3-26). all three cypon wo:o oblcrvcd in
- one sample. Thcnc hillonko nnd a.locictcd void: 4n the. m.:nlli:a:ion wers the

3.3 INVESTIGATIONE or: HILLOCKS AND VOIDB :

l',:

One ot uh Ldilcovcrioo in tho tnilurc nnalyqil o£ thc inttial 1ite tests
vas the prolnnco of- hillockl and voxdo in the unpnlcivctnd n.tnlli:ation layers.
The hilloqkl.could bo claunittnd undﬁr throc 3oncrn1 cn:ngorinl. Single crys=-
tals vere olervud';roving from’ the" top cnd oidca o! the . nctal runl (Figure

wza) slu_nicroprub' lnalyatlﬂo"thooo cryqtnl; indtqn:cd thae they vere com=
poucd of alnonc pj'

gol4. wi:hihfthc 1inico oi the nnlourcmoncu.” In many
bis vcd associatad with . chp_cryoenll (Pigure 13-24) which
{ ‘”&‘buricd Lnotdomchc gold matal 1aynr.r Tinally,
d“vhich can bcnt b« dnncrlbcd ‘as bubbles’ in cho zold layer

wers thoughtﬂ e

sause of many of :h. £niti¢l lite t.l: !cglurol._ Al a rlnulc. an attenpt wae
nade to understand and. concrol cho phonqn-non. Thn ‘gold crystal growth was
chought co be related to u hhcruqlly inducod ni;rlcion of gold atoms.  In addi-
tion, thcro vas sona conccrn that low lovol electromigration could also cause
the same sort ot f.ilurc mode s0 & search for a paunivntion layet or treatmant

v initi.eod. . 77‘ : .

A litltlturo search found referances to the use of hydtogon as & passiva~
tion treatment for gold (Refersnce 7) and the effacts of hydrogen ‘environments
or incorporation on the electromigration resistance in thia metallic filme
(References 8 and 9). At about this same time, a silicon nitride passivation
sxperiment on gold (Figure 3-27) resulted in crystal growth being suppressed by
the plasma nitride deposition process. The nitride laysr had flaked off the
gold early in the annealing cycle but only a few gold crystals were observed,
The key eimilarity is that hydrogen is & byproduct of the nicride process and
the heated wafer had been exposed to this gas during the deposition.

An experiment was conducted wherein a 5000 A gold film was sputtered on
top of a Ti-W diffueion barrier in an argén atmosphere with 0.5, 0.69, 1.0, and
5.0 microns of partisl prassures of hydrogen. The Ti-W/Au filme ware patterned
using wet chemistry techniques (which did undercut) and annealed for 523 hours
at 360° C. Optical inspection after the anneal indicated that there were no sig-
nificant crystal growthe, even for the lowest hydrogen doping. SEM evaluation
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Figure 3-23, Bonding Pad of a Chip Exposed to 340° C
for 1600 Hours Illustrates a Single
Crystal Hillock Formation.
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N Figure 3-24. Closeup of Metal Runa After 420 Hours at
» 340° C, Mound-Type Hillock Formation is
‘ Illustrated.
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Figure 3-25.

Metallization on a Chip That Failed After
210 Hours at 350° C, Bubble-Type Hillock
Formation is Illustrated.
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Figure 3-26, Closeup of Ring Oscilletor Metallization
That Failed After 320 Houre at 320° C,
Single Crystal, Mound and Bubble-Type
Hillock Formations are Present.
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The Bpucimcn was Initinlly Paolivatod w1th 7000 A of Silicon Nitride
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Figure 3=27. Relatively Few Gold Crystals ars Obsarved on
. the 4 x 5 mil Bonding Pad of This Test Spacimen
Which Was Annealed at 360° C for 509 Hours.
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(Figure 3-28) confirmed the lack of crystal formation but showed a slight curl-

- ing at the adges of all the matallization where it had peeled at the 8i/Ti=-W

interface (Figure 3-29),

A longer tern evaluation of hydrogen doping of the gold layar as a means
of suppressing hillock growths was iniciated. Unpatterned Ti=W/Au samples

.vtth and vichoue the hydrogen doping were tested, Figura 3-30 shows a com-

po:icon of two such lamplco that were unnollcd for over 3300 hours at 360* C.

‘Litele corrolattcn can be seen between the sise or occurrence of gold crys-
;nnlc and’ ehc prolonco ‘or absence of a hydrogen partial pressure in the deposi-
- “tien chunbor. Olourly tho lhort torn cttoct thle ‘the hydre;qn sontributed to

hillock uupprclolon wlb not luboenntidtod for loug pcrlodl on unpnoatvancd
||np1|o. ' C '

To provid. a dofini:lvo test o! ehc una!ulncln of hyd:o;cn in the gold

_sputteting aemonphoru. life test samples’ vcrn dcpolitcd wich and without the
hydrogen. Thede’ llnplon vlll be put on 11!0 test and ownlutccd in a follow-on

program- ouppor:cd by Coritract uoooxa-as-c-zsos. Thq tntor.utcd readar is
referred to tha :cportl from that program for the .valu‘tion rolulco.

The causs of the gold orystal ;rovch vas hvpochcoilcd to e due to the
thermal expansion uilnncch bc:ntcn gold qnd the silicen watnr ‘substrate. At
some elevated conpcracurc. the gold film vould be plcc.d 1n compression since
gold expands more vapidly than silicon. The mobility of gold atoms is
incresassd at elevated temparatures. The coumpressive force on the gold pro-
vided tha driving function for crystal growth as gold atoms migrated to
regions of lower potential enargy.

A wafer stress fixture was constructed to verify this crystal growth
hypothesis by mechanically providing strain in the wafer. The fixture was
designed to support a wafer around its circumfarence and to deflact the wafer
center with a screw (40 threads per inch) to provi“e a strain. Experiments
with dummy 3~inch wafers indicated that 40 mils was the maximum deflection
that could be applied to the wafer center before the wafer broke. To cali-
brate the fixture, a Ti-W/Au metallized 3-inch wafer was fiteed with 0.015
by 0.020 inch strain gages. Strain gages wers mounted at the wafer center,
and 0.2%, 0.75, and 1.25 inch radially out from the center on one side of
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. ® No Hillocks are Visible on 4 x 5 Mil Bonding Fad.

] ' o Pasling and Curling of the Edges are Visible. - Co .

. : Figure 3-28, SEM Photograph of Annealed Samples :___
= (523 Hours at 360° C) With Gold . L

Deposited in 0.69 Micron Hydrogan L
. Partial Pressurs. C




L s e s

e Ti-W Residue. Undercutting of 4 x S Mil
Bonding Pad is Evident.

‘Before Lifting the Edge Metal With Tape

After Lifting the Edge Metal With Tape

Figure 3=29. SEM Photographs of Annealed Samples
(523 Hours at 360° C) With Gold
Deposited in 5 Micron Hydrogen
Presaure,
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Gold Film That Wae Deposited in a Hydrogen
rartial Pressure (1000X)

Figure 3-30. Optical Photographs Showing the
Density of Gold Crystal in Ti-W/
Au Samples Annealed for Greater
Than 3500 Hours at 360° C,
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the wafur., Strain measuremente wers made (Figure 3-31) with 1/4, 1/2, and
1 full turn of the screw at room temperature and in a 66° C oven (the maximum
temperature limit for the strain gage). The strain profile did not change
when the fixture was placed in the oven, indicating that the strain induced

= - s

by the fixture did not change with temperature.

The interface struin due to tha thermal expansion mismatch between Ti-W
and Au was estimated to be on the order of 2500 y inch/inch at 350° C assuming

that there was sero strain at 100° C, As can be seen in Pigure 3=31, the max-
imum strain that could be safely produced by the fixture was about one sixth

~ of that value. As a result otréhln-rclncton, an annealing experiment could
not be. constructed that completely cancelled the thermal stress with mechani-

- AT S S e e

¢ cal strese. The stress fixture was used to modulate the thermal induced
Y stress by adding and subcracting the machanical strain.

i Two 3-inch silicon wafers with Ti=W/Au metallisation were annealed at

é 350° C for 347 hours. One wafer had the force applied to the gold side (gold
A ' under nmechanical compression) and one with the force applied to the silicon
slde (gold under mechanical tansion). Both wafers had one full turn of the

NN T3

screw which would produce & strain of approximately 400 y inch/inch at tha
wafer center. After annealing the waters, the gold under the highaer compzes-

sive strain showed the formation of larger (2:1) gold crystals than the wafer

:
A

v

with the gold undar "tension.'" Figure 3-32 shows optical photographs of sim-
ilar regions of both wafers.

1f a thermal expansion mismatch is the cause of the crystal growth in
the gold metal layer when Lhey are annealed at temperatures of 350° C, then
an obvious eolution to the problem is to deposit the motallization onto wafers
that are heated to this temperature range. Prasumably at 350° C, there would
be no induced strains in filme deposited at 3350° C; while at all lower
temparatures, the strain on the gold would be tensile and not conducive

to cryetal formation. Accordingly, Ti-W/Au films were deposited onto test
wafers at room temparaturs, 300° and 350° C, The texture of the filme was “‘7*4
found to be progressively rougher the higher the deposition temperatura. -
Samples of each of these wafers wera annealed for 347 hours at 350° C.

Microscopic examination after the annsal indicated that a typical amount of
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Figure 3-31. Results of Strain Gage Measurements on a Wafar Supported
Around the Edge and Depressed in the Center.
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Gold in
Compression

{
4

Gold in
Tension

e Much Larger Hillockse are Formed in the
Sample Under Compression (1000X)

Figure 3-32, Comparison of Hillock Size on Annealed
Samples Which Were Strained During
snneal.
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gold crystals had formed on the room temperature deposited sample. The sam-
ple deposited at 300° C had few crystals and the sample deposited at 350° C
was crystal-free. Also, there was no apparent change in the film texture
after annealing. Figure 3-33 shows SEM photographs of the three samples
after annealing. The effect of the deposition temperature on the film tex-
ture is visible, Figure 3-33 (bottom) shows a crystal that formed during
the anneal of the sample which was metallized at room temperatura.

An interesting discovery was made while trying to euppress the growth of
gold crystals through the use of a relatively thick top Ti-W layer. Samples
were deposited with 5000 A of gold on top of a Ti~W diffusicn barrier. One
sample had an additional layer of 2000 A of Ti-W deposited on top of the gold.
The gold layer and the top Ti-W layers wers patterned with wet chemistry tech-
niques and the gold stchant undercut the top Ti=W layer on' that sample. The
bottom Ti=W diffusion barrier was not etched since the goal wae to try to
mechanically constrain the gold using the Ti-W layaers. Figure 3-34 shows the
results of the control sample without the top Ti-W Layer af:er annealing for
600 hours at 360° C. Gold crystals were observed growing in the surface and
edges of the metal regions. The result of adding a 2000 A top Ti-W layer is
shown in Figure 3-35. Gold whiskers estimated to be 5 mile ia length can be
seen growing from the edge of the gold layer but no hillocks or crystals are
vieible oa top of the gold layer. This indicates that a physical constraint
will pravent gold-cryltal formation. However, the gold film does whataver

it can to relieve induced stresses (such as the whisker growth iadicated).

The hillock growth resulcing from life testing of unpassivated samples
using wet chemiwtry ectching techniques varied widely from sample to sample.
For example, in one early lif~ test two appatently i1lentical samples experi-
enced entirely different hillock growth rasults. One sample had gross hillock
growths at the edges of the metallization rune while its twin had vary little.
In searching for an explanation, it was recognized that the wet atching pro-
cess utilized can producse etching variations from the water adge to the center
which might explain the apparent randoumness of the hillock formation iu sup-
posedly identical die. This hypothesis was further reinforced by the fact
that the life test smupler were not chosen from specifi: sites on the wafer

nor was a lo.ation catalog recorded.
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350 ¢ Gold.
Deposition
(SOQOX) :

—

>
b

PSRBT

4
;

300 C Gold
- Deposition
1 (so00x)

Room Temperatura
Gold Deposition
(5000X%)

e Increasing the Temperature Incresses the Roughness of the Filpm .
¢ The Texture Does Not Change With Annealing N
e Large Hillock Growth in Room Temperature Sample is Viasible :
e Very Small Nodules on Higher Temperature Samples Were Visible
Before Annealing

Figure 3-33. Comparison of Fiim Texture.
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e Note the Hillock Formation

Figure 3-34. A Control Sample with Ti-W/Au Metalllzation
After Annealing for A00 Hours at 360° C.
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e Only the Top Ti-W Layer and the Gold Layer wera Etched
e Note Undercut of Top Ti-W Layar (Thin Upturned Edge) and
the Formation of the Gold Whiskers from Constraining the
Gold Surface . .
Figure 3-35. A Ti-W/Au Metallization Sample With a Top Ti-W _ !
Layer (2000 A) After Annealing for 600 Hours at .
360° C. -
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The supposedly idantical die were cleaved and cross sections examined in

- the SEM/microprobo._ I: blcnmn nppnrcnt thnt the lnmplc with thc ‘gross voiding

and edge hillock dcnoi:y had uxporionccd |ignificant undcrcu::ing of the gold
m.tnllication llycr durins thn Ti~W etch. The extent of the undercutting
matched that of the voiding. It vas ullo notud that the gold at th. edge of
the runs was roducdd ih'thicknolo on the aovcrcly unﬂq:cqg;cggplc. The other
sample had* vnty littlc undotcu:tins or hhtnnina._ In iddici&n,-fc was noted
that the hillonkl lc chc cdgco of motul linoo appulrod to be ‘bubbles which

_ Ano:har |aup uhich hld £a£1¢d du:tn; eh; 11!- tcae dul to. untul void-
1ng at an oxide ltap. vgl oubjcctod to. & :npo coot 1n which 0cocch taps vas
used to 1ift the moclllilltlon whare: it vas not well ndhorcd. Tho gold lifted
from certain regions of the chip, revealing areas whorc the rt-w layer had
been complccoly stched uvay.' The undorcuttin; of the gold om these samples
had caused bubblco in tho mntlllilation and voiding which rcsultod in their

ultimate fliluri.

Based on thess ronultn. ic |ppo|rod that the voiding was due to undercut-
ting of the gold metallisation whick rnnqomly lad to entrapment of- the etchant
or other conteminants. Then during subdequent high temperature life tests,
the residual conteminante caused the formation of bubbles. BZventually, the
bubbles burst causing voids in the gold., Examples of these failure mechanisms
are shown as follows:

® Figure 3=36 shovws severe undercutting of the Ti-W/Au metal system

to an extent which allowed a tape test to remove some of the metal
lines and bonding pads.

. Figure 3-29 illustrates where gross voiding of the metallization
has resulted after annesling; in conjunction with undercutting
which ocgcurred during patterning.

'] Figures 3=24, 3-2%, 3-26, 3-37, 3-38, and 3-39 show examples of
metallisation ancmalies resulting from life testing which clearly
resamble bubbles or blistars.

The elimination of thie failure mode was accomplished through che appli-
cation of altarnative methods for patterning the metallization layers. Ion
milling and lift-off techniques were explored for this purpose. Both
approaches have advantages and disadvantages. The techniques of ion milling
and lift-off patterning are discussad later in this section under the heading

entitled "Dual Level Metallization Development."
70
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{ ¢ The Tape Ramoved Some of the Gold Metal Lines and Bonding Pads
: Leaving the Ti-W Diffusion Barrier
¢ Note the Extent of the Undercutting Resulting from the Ti-W Etching

Figure 3~36. Optical Photographe of the Ti-W/Au Metal
Syatem from a Wafer Portion That wae Tape
Tested for Metal Adhesion Prior to Annealing
(144 Hours at 360° C).
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Figure 3-37.

Bonding Pad and Ring Oscillator Metallization
from Chips Which Failed After 320 Hours at 320° C.




Figure 3-38. Meatallization Anomalies Observed After 2200
Hours at 320 Hours at 320° C,
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Figure 3-39. Barrier Metallization Anomelies Obwerved After
420 Hours at 340° C.
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3.4 METALLIZATION ADHESION STUDIES

The purpose of the diffusion barrier in this metallization eystem is to
prevent the diffusion mixing of the gold current carrying layer and the sili-
con semiconductor matevial. Ti:&nium-tungltin was chosen as the initial dif-
fusion barriar partly for its adhesive qualities to both gold and oxidiged
silicon wafers. The Ti-W diffusion barrier produced by sputtering from a
Ti(10%)/W(90X) target was found to bo ineffective for che desirad task early
in this program. The solution that provided an effective diffusion barrier
wni to'rcactiQo;ipucq.ratho'T£¥H ih'nfbiﬁtinl nicéo:dn.atmqobﬁ;ro. This pro=
cess "stuffed the grain boundaries" sand transformed the Ti-W layer into a dif=-
fusion barrier that filled the needs for the desired range of times and tem-
peratures. ' o R '

The process of adding nitrogch to the Ti=W diffusion barrier affected the
adhesion qualities of the material. A standard tape test easily removed large
regions of the pattarned metallization (Figure 3-12). The solution vas to
deposit a thin layer of undoped Ti-W first before "stuffing" the bulk of the
diffusion barrier. This procedure provided the adhesion qualitiee of the "as
sputtered”" Ti-W on the wafer surface and solved the initial adhesion problenm,
Tape tests on the resulting metallisation did not vemove any of the metal from
the wafer.

The next hint that an adhesion problem etill existed was seen in some
evaluation experiments conducted at 330° C. PFigures 3-40 and 3-41 show SEM
svaluations of pleces from the same sample aftar annealing for 92 hours and
192 hours at 350° C. Although the crystal growth problem being inveotigated
by the experiment appsared to be solved, a progressive delamination of the
gold layer from the Ti-W diffualon barrier can be seen. The delamination was
not due to the ion wuilling used to pattern the metellization since, as can bhe
seean in Figure 3-42, lift-off patterned metal eamples alen showed tho same
symptoms. In all cases, the gold liftad leaving the Ti-W barrier stuck to
the wafer.

Attempts were made to artificially improve the bonding between the Ti-W
and gold layers by forcing a smearing of the interface. The entire metalliza-
tion eystem was depositad without venting the sputtering eystem., The approach

8
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;; o The Losa of Adhanion is Between the Ti-W Diffusion
Barrier and Top Gold Layer
e Minimum Line Width is 7,5 Microns.
Figure 3=-40, SEM Photograph of the High Temperature ﬁ.
Gold Maetallization After Annealing for
95 Hours at 350° C. -
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o The Metal Separation is More Pronounced Than After
: 95 Hours Indicating That the Process is Not Self
. Limiting A

Figure 3-41., SFM Photograph of the High Temperature
Gold Metallization After Annealing for
192 Hours at 350° C.
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Figure 3-42, SEM Photographs of a Portion of a Lift-off
Patterned Metallization After Annealing for
270 Hours at 350° C end Also Shows Delamination.
{
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taken was to split the power between the Ti-W and gold targets after the dif-
fusion barrier had been deposited. As the power fraction was gradually shifted
from Ti-W to gold, the fraction of gold deposited increased from 2ero to 100X
over about a 1000 A thickness, This approach wae not completrly succecsful as
can be seen in Figuras 3-43 and 3-44, However, as shown in Figure 3-44, the
hvdrogen in the gold layer apparently was successful in suppressing the gold
crystal growth.

Since tape tests removed almost none of the metalliration immediately
after it was pattterned, tha thought was that the Ti~W/Au "interface smearing"
and a silicon nitr{de passivation layer would mechanically constrain the metal
and improve the device reliability. The attempts that were made at implement-
ing this approach produced mixed results. Aftar wafers were metallized and
patterned, emmple sites were probed to provide an indication of the wafer yield
and device quality. The silicon nitride layer was then deposited. After the
bonding pad windows ware etched on a faw wafere, it was found that the probe
markes on the pads had caused a localized delamination (Figuve 3-45). On some
dummy wafers, SEM evaluation showed where metallization lines were lifting with
the nitride (Figure 3-46)., Other wafers appeared normal (that is, no delami-
nations or metal lifting) until sample chips.were packaged. On these wafers,
the wire bonding operation failed when the ball bonds lifted the gold layer
off the Ti-W diffusion barrier. Figure 3-47 shows one of these chips where
the firet three ball bonds were successful and the next two attempts failed.
The chips from a different wafer were all succeesfully packaged and put on
life test. However, the devices failed the lifa :est when the metal runs
broke as they crossed an oxide step (Figure 3-48).

A portion of an unpatterned sample deposited at the same time as the life
test sample was analyzed using Secondary Ion Mass Sepctrometry (SIMS). Mate-
rial is sputtered from the sample and the charge to mass ratio analyzed to
determine the types of material that were presant. The purpose of this axer-
ciee was to determine if contaminants were present at the metal interfaces
which could asccount for the loss of adhesion. The results of the analysis on
the "as sputtered" film indicated that the metal interfaces were clean and
abrupt. No contaminants were found piled up at the interface between the gold

and the Ti~W diffueion burrier.
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Figure

Ti~W/Au Interface was Smezred During Deposition

of the Sample Shown in Top Photo

An Abrupt Interface was Formed in the Sample -
Shown in “he Bottom Photo

Note the Darker Lines Indicate a Lifting of

Metallization

A Portion of the Lifted Gold Has Fallen Off

the Ti-W in Dottom Photo

3-43. Optical Photographs of Similar Portions of
Mectallization Samples After Annealing for
659 Hours at 2360° C.




¢ The Interface Butween tha Ti-W Layer
and the Gold Has Been Smeared Out
Over About 1000 A Using a Power
Splitting Sputtaering Technique.

o The Layer Peeling Previocusly Observed
is Stil) Present.

Figure 3-44. SEM Photographs of the Ti-W/Au Metal
System With Hydrogen Doped Gold After
Annealing for 687 llours at 360° C.
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B e A Clove-up of a Bonding Pad Shows ff‘i
g Where a Probe Mark Has Created a ]
Damage Center Around Which the Matal- c
lization Has Lifted.

L Figure 3-45. Optical Photographs of a Ring Oscillator '._}
o Circuit on a Wafer That Was Probed for T
- Chip Yield Prior to Sillcon Nitride

. Daposition.
b, «
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The Photcgraphe Show the Silicon Nitride, the Top
Ti-W Layer, and the Gold Layer Lifting From the
Bottom Ti-W Diffusion Barrier. 4 x 5 Mil Bonding
Fad and 7.5 Micron Interconnact Lines are Shown.

Figure 3-46. SEM Photographs of a Portion of the
Metallization From a Walcr Which
Optically Had Shown Some Lifting After _
the Bonding Pad Windows Had Been Etched.
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e The Bottom Photograph Shows a Close-
up of the Corner Bonding Pad.

¢ The Surface Texture of the High
Temperature Deposited Gold Can Be
Seen.

Figure 3~47, SEM Photographs of a Chip From a Wafer
That Could Not Be Packaged Because of
the Inadequate Metal Adhesion.
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o Cause of Failure is Broken Metal-
lization Runs Caused by Metal
Lifting.

¢ The Nitride Pasasivation Was Re-
moved From This Sample Before the
Photographs Were Taken,

Figure 3-48, SEM Closeup Photographs of Failad

Metallization Rune Which Resulted
During Life Testing.
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The most interesting results were discovered during adhesion tests run
' on "as sputtered" samples. The testing was performed with a stud glued to
the me:tallized wafer surface (with epoxy) and the back of the wafer glued to
a unechanical support. The systen was then pulled apart. The metal system
that was evaluated is shown schematically below:

}n-w + nitrogen (500 A)

e T i e VAT Ea L LI
-_» Sl ", PRt
e Sata el LT T L)

i yd RS

‘S Gold (5000 A)
Ti=W + nitrogen (2000 A) _
} 8ilicen Oxide R :

The top Ti-W liycr was included to promote adhasion betwaen the metal

o

system and the chip passivation material, Various top layers were chemically

etchad from the metallization so that adhesion testing (pull tests) could be
i performad on all the interfaces. The first adhesion test was performed between
Eﬁ the betton Ti-W layer and the wafer oxide (tha'top Ti-W- layer and the gold layer

) had hesn chemically removad). At a force equivalent to 9000 psi, the epoxy
broke. The Ti-W layer remained on the wafer.

The sacond test was performed on a wafer with just the top Ti-W layar
R estched off. Thae stud was glued onto the gold layer. 1In this cass a force
equivalent to 900 psi was sufficient to pull the stud from the wafer. The
gold layer wae removed with the stud while the Ti-W remained on the wufer.

The poor adhesion in rhe "as sputtered" matalliration films immediately
explained many early failuras that had been disguised with different symptoms.
For example, the gold curling problems after annealing at 360° C (Figure 3-41),
the bonding failures in packaging samples (Figure 3-47), and life test failure
(Figure 3-48) could now be understood. The traditional adhesion test using
scotch tape had not detected the marginal adhesion. 1f scotch tape is stuck
onto the metallised wafer surface and peeled off, it exerts a force squivulent
to about 1000 psi. 1In fact, the gold could be peeled from the Ti~W layer in
the samples where the 900 psi adhesion was measured, Processing variables and
wafar gurface conditions could explain why tape tests had not detected this

problem earlier.:
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As soon as the marginal adhesion was recognized in the "as sputtered"
i films, an obvious solution was investigated and implemented. The genaral
balief from experience and discusaions with others in the industry ia that
gold adhcves well to Ti~W, Thie rafers to the undoped (no nitrogen stuffing)
variety not the Ti-W diffusion barrier material that this program had devel-
' opod.‘ New samples worc'dcpooicod on blank oxidized wafers with the same rnecal
) systen as before except that & layer of undoped Ti-W was deposited on top of
. the nitrogen doped Ti-W layer. This metal system appea ; as follows:

. }’ Ti-W (500 A)g

T v s %L L

. L Gold (3000 A) g

J Undoped T1-W. (280 A)
[ “Ti-W + nitrogen (2000 A)

i e e s ——— Undoped T1-W (280 A)
i 5 8ilicon Oxtide

:

Samples of this metal syotem were subjected to adhesion testing with various

T T——

top layers removed. The results wera the sams for all cases. Not & single
film failure was obsorved. Equivalent lorces up to 8000 psi were measured

pulling on all interfaces befove the epoxy broke. The rvesults of life tests
of circuits with this metal system can be found in the raports for the fol-

low=on program supportad by Contract N000L4-83=C~2393,

3.5 DBARRIER METALLIZATION DEPOS(TION SEQUENCE

The following processing steps aro used to deposit the PtSi/Ti-W/Ti-W-N/-
Ti=-W/Au improved barrier metal system and pattern it into & usefull interconnect L
pattern for high temperatura integrated civcuits. The process assumes that =
incoming diffused wafers have had the contact windows opened down to silicon and

and the photoresist atripped off,

The firet step is to clean the wafers to remove any rasidual films remain- L
ing from the plasma photoresist stripping. The firet cleaning step is accom-
plished in a concentrated sulfuric acid (18 molar)/hydrogen peroxide (30%) (2000/

1000 cc) solution for 20 minutes, end a 10-minute rinse in deionized water.
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This is followed dy a 13-minute clsaning step in a water, sammonium hydroxide
(14.5 molar), hydrogen peroxide (30%) solution (1100/500/500 cc) and a 10~
minute rinse in deionized water, The wafers are then run through an automated
rinse-dry cycle,

The wafers are then placed in the sputtering syetem for platinum deposi-
tion. A plcnmq_ctch'it $00 Watts in 10 microns of argon is used to remove a
thin luycf of silicon especially from the p-~doped base contact ragions to
improve ohmic contact. 1f the vafers have had an ion implant for base con-
tact, the reverse sputter is limited to l-minute duration but if the wafers
have not had an implant, a sputtering time of 4 to 5 minutes has been found
necessary for good ohmic contacts. 500 A of platinum is then deposited at
200 Watte. '

Platinum silicide is formad in the contact opening by sintering for 15
minutes in nitrogen at 500° C. This reacte all the platinum in the contact
vegione, The unreacted plntinﬁm on th._circuii'o field oxide is removed by
boiling the vafers in aqua regia for 15 minutes followed by a rinee in deion-
ized water.

The formation of Pt8i is important for the creation of good ohmic con-
tacts. Conversely, the absence of platinum silicide in the device contact
regions after the Pt8i formation step indicates that ohmic contacts may not
have been created., If a thin oxide layer remaine in the contact region prior
to the platinum deposition, then the sinter cyszle will not form PtSi. The
unreacted platinum will be removed with the aqua regia. If this occurs, the
transistor characteristice may appear ae shown in the toup portions of Figures
3-49 and 3-50. The photographs shown in Figure 3-49 were taken from a curve
tracer display on the same device with about a 2-minute time iuterval. The
photographs in Figure 3-30 wara taken on a devica from a different wafer. The
bottom photograph in each of these figures was taken after a thin oxide resis-

tive layer in the contact ragions had Leen broken down.

Tha presence of Pt8i in the device contact regions can ba coanfirmed by
using the SEM microprobe (KEVEX), The X-rays emitived by the sample due to
the scanning electron beam can be analyxed for the characteristic erergies

of platinum. The signal may be quite low due to the relatively small amounts

—
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Figure 3-49.

Transistor Characteristics Observed on
a Wafer Before and After the Oxide
Layer Was Broken Down in the Device
Contacts.
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e Pin Holes Through the Thin Oxide
Layer Could Account for the Slight
Initial Gain.

Figure 3-50.

Transistor Characteristics Observed on
Another Wafer Before and After the
Oxide Layer Was Broken Down in the
Contacts.
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of platinum present in “he emitting volume. For example, if a cotal of 500 A
of platinum was deposited on the wafer prior to PtSi formation and stripping;
at 15 keV, the electron beam will penetrate about 3 microus into the silicon
sanple generating X-rays from an ellipsoidal shaped volume. If the X-ray
absorption is ignored and some first order assumptions relative to the sensed
volume are made, then the amount of platinum in the X-ray emitting volume is
(at best) less than 1/60 of the total materisl. The observed signals sometimes
approach the minimum resolution of the microprobe system.

Figure 3~51 ghows the X-ray energy histogram fruom the microprobe analysis
on &4 wafar after Pt8i was formed and the excess platinum etched off, The top
photograph shows a prchba of a device contact that contained about the minimum
detectable amount of platinum. The bottom photograph shows the microprobe
results on the oxide region of the wafer adjacent to the contact. The plati-
num emission lines are shown in the top photograph at 2,04 keV (M~-alpha) which
ir the strongest clieter of platinum lines and at 9.44 keV (L-alpha). The
left side of the display shows part of the base of the silicon line centered
at 1.74 keV and s ghost silicon lina can be scen at 3,48 keV,

After verifying that PtSi has been formed, the metallication can be
doposited. If the metallization system is to be patterned with a lift-off
technique, the lift-off photoresist is deposited and patterned befors the
metal system is deposited. About 1.5 microns of positive photoresist is
deposited on the wafers and the surface hardened with a 7-minute chloroben-
zene soak. After baking, the resist is exposed (with a dark field mask) and
developed. The hardened surfaca of the resist forme an overhang since it does
not dissolve as readily in che developer ae the bottom layer of photoresist.
This overhang provides a negative sidewall angle which will result in thin
metalligation coverags on the sidewalls when the metal is deposited, This
feature is necessary for lift-off patcerning since the unwanted metallization
is physically torn from the desired metallization during the lift~off operation
and the thin sidewall metal sections facilitate and control the tearing

operation.

The wafers are then placed in the sputtering system which is evacuated
to drive off any adsorbed water vapor. Typical pump down base pressures are

on the order of 1 x 10'6 torr. The wafers are reverse-sputter etched for
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20 KeV Defocused Beam

Pt 2.04 9.44

L 20 KeV Defocused Bean

) : ‘
™ Pt 2.04 9.44 .
e The Contact Region Contains About the Minimum
Datectable Amount of Platinum,

.:

Figure 3-51. KEVEX Photographs Showing the X-ray Energy
AR Histogram From the Microprobe Analyais of a
- Device Contact (Top) and Adjacent Oxide
g Region (Bottom).
3 o
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1 minute at 500 Watte in an argon atmosphere at 10 microns pressure. Then
titanium=tungsten is deposited for 1 minute at 1000 Watts (250 A) in 10 micronse
of argon. The system is then pumped down to the base pressure. The nitrogen
dopant gas is introduced and the system refilled with argon to a pressure of
10 microns (1 micron nitrogen/9 microne argon). The diffusion barriar is
deposited at 1000 Watts for 9 minutes (2000 A). The system is then pumped to

. the base pressure, refilled with argon to 10 microns and a thin top Ti-W layer
doponitad without the nitrogen doping (250 A).

- Without breaking vacuum, the wafers are moved under the gold target. The
top gold layer is then deposited at 280 Watts for 53 minutes in 10 microns of
argon. After the gold laysr has been deposited, the wafers are moved back
under the Ti-W target and a 500 A layer of this material is deposited at tha

i 500 Watt power ‘level., The wafers are then removed from the sputtering system
in preparation for patterning. o

, If the metallisation is not beiag patterned by a lift-off tccﬁniquo. pos=
2 ‘itive photoresist is applied, exposed, and developed. The metallisation sand-
i wich can be patterned by ion milling °f by wet chemistry ctchin;.' The ion

' milling process givas superior line width and edge definition but causes radi-
i ation damage to the bipolar devices. This radiation &nmngc has been success-

fully annealed out with a 30-minute anneal in nitrogen at 500° C. If a vet
chemiscry process is to be usad, the gold laysr may be etched ueing a potas-

| sium i{odide etch (25 g-potassium iodide, 6.25 g-iodine, 100 ml-water) which
does not attack the titenium=~tungeten layer. The Ti-W diffusion barrier layen

is etched initially ueing hydrogen peroxide at 40° C and finished with a potae-

sium ferri-cyanide etch (2g K3(Fe(CH)6), 1 g KOH, 10C cc H30). During the

! etching éroc.ua, it has sometimes been useful to reflow the developed photo- e
' resist down over the edges of the metal pattern by heating the wafers to mod- o
erate temperaturus for 30 minutes. The positive photoresist will soften &ad
flow down over the pattern edges to minimisze undercutting. After atching,
the photoresist is stripped and the wafers rinsed in deioniszed water. i

If a lift-off patterning technique is used, the metal is lifted off
through the use of ultrasonice and high pressure water jets. The remainlng
photoresist ie stripped and the wafers are rinsed in deionized water,
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3.6 DUAL LEVEL METALLIZATION DEVELOPMENT

The resources of this program wers devoted toward the development of
integrated circuits capable of high temparature operation. Most of the effort
was concentrated on developmert of a single level diffusion barrjer/metalli-
zation bQ: preliminary work was performed to show the feasibility of a dual
lavel .y.:-a., Ton. milling and 1if:-off tachniquas were employed in defining
the inturgounoct pn:tcrn in the Ti—W/Au mnnul systenm.

Ion milling is prccloc in cu::lng .:rnich: down through multiplo metal

layers in the matallisation. The material is removed from the wafer dus to

collisione frou pcrticlel in-a high energy {on beam. The une.tial ramoval is
by a ccnplct.ly phyoicnl process thnc umechanically knocks atoms from the wnf.r.
Figure 3-52 shows a SEM closeup.of an ion beem milled Ti-w/Au,m.tql.nyltam.
The diff.ring metals may be seen on the vertical walls of the interconnection
runs since the gold and Ti~W have different reflection cosfficients with the
electron beam in the SEM. An example of the small geometries that can be pro-
duced with the ion mill is shown in Pigure 3-53. This photograph vas taken of
a portion of an lnccrdiglcac-d finger structurs that has 5 y wide lines and

4 u wide spaces. In gunoral. the ion mill can produce any pattera that can be
resolved in the photoroninc. The diaaﬂvuntnzo. of the ion milling process are
that the process is slow from a throughput point of view, it tends to poly-
merire the photoresist such that it is difficult to remove from the wafers

and the ion beam striking the wafer causee radiation damage in the bipolar
devices.

A lift-off metallization patterning technique was explored to eliminate
some of the problems inherent in the ion milliug method, Many of the same
process steps are usad with lift-off and ion milling except that the order is
changed and the milling stap is not needed. Wafers are cleaned and photoresist
is deposited end exposad. The surface of the exposed photoresist is hardened
by soaking tha wafers in chlorobenzene. Then, during the developing process,
the softer bottom layers tend to dissolve more and undercut elightly. Figure
3-54 shows SEM photographs of the lift-off photoresist before metal deposition.
The hardensd edge on the top and the resulting undercut are clearly viasible,
The Ti-W/Au metallization is sputtered down on the wafer oxide through the
photoresist openings and on top of the photoresist alsewhere. The photoresist

with the metallization on top is shown in Figures 3-55 and 3-56.
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¢ The Bottom Metal Layer (Darker Color Seen on the ,
Patterned Edge) is the Ti-W Diffusion Barrier.

¢ The Top Metal 1@ Gold Deposited at 350° C.

e 7.5 Micron Intarconnect Lines arc Shown.
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. Figure 3-52. SEM Closeup of Ion Milled Metallization
N on Oxidized Wafera.
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o The Ti=W/Au=Ti-W (Top Layer) Mstallization Was
Patterned Using the Ion Mill,

o The Metal Line Widths Are 5 Microns Wida With
4 Micron Spaces.

Figure 3-53.

This Optical Photograph Shows Some
of tho Smallest Gaometries on the
E1lS Mask Set.
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o The Top Photograph Shows a Cross Section of the
Photoresist Between What Will ba Two Metal Runs.

e The Bottom Photograph Shows Part of the Photo-
resiet Structure in an Integrated Finger
Pattern,

i
K
[
-

.
b

Figure 3-34. SEM Photographs of the Lift-off
Phot rresist.
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['
#‘ e The Photograph Shows the Wafer With Lift-off -
- Photoresiet Afcer the Metal Daposition. :
- ¢ The Metal Thinning at the Edge of the Run and
. the Photoresist Undercut Ars Shown in the Closeup. .
Figure 3-55. SEM Photographs of a Portion of the T
E1l15 Mask Pattarn Being Used in tha
Devealopment of a Dual Level Metal
System, .
08
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Figure 3-56.

SEM Closaups of tha Ti-W/Au/Ti-W Metal
System Sputtersd Onto the Lift-off
Photoresist.
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After depositing the metal, the photoresist is removed with normal sol-
vents which l1ift the unwanted metallisation off the wufer except where it wae
sputtered directly onto the oxide. - Figure 3-57 shows & closeup of the actual
lift-off process where the unwanted metallisation {s being torn or lifted off
the desired metallisation. An example of the resulting Ti-W/Au matal system
patterned using the iifﬁfélf process is shown in Figures 3-58 and 3-59. These
figuros nloo'iiluocrcto'ehd wost serious disadvantage of this process. The
netal layers are’ lpueecr.d in ooqucnco without breaking vacuum and ths inside
of thae phocor-lilt ovcrhun; ‘receives - thin coa:ing of the metallisation. As
a result, the life-off ie not "clcun" buc tcarl at the. ovorhlnu rogion leaving

‘a thin edge uexeking up..

More work will he needad to olininatc cho upcurncd edge of the lift-off
metallisation. This metal edge does not cause any problems for the single
level metallisation but it must be removed or eliminated for a dual level sys-
tem. Two upproaches are promising. First, the vertical distance from the
underside of the photoresist overhang to the oxide floor could be reduced o
that the edge remaining efter the lift-off has no eignificant height, This

. can be achieved by using a thinner photoresist layer or by increasing the

overhang thicknass by modifying the photoresist hardening and developing
steps. Second, the upturned edge of the metal could be removed after lift-off
by etching techniques. This could be acoonplilhod'by svaporating about 1000 A
of gold on top of the metallisation to form a velf-aligned mask. A Ti-W atch
could then be used to remove the top and bottom Ti~-W layars (both eided) or
the upturned edge without removing the top Ti-W layer from the metal runs.
Then a gold etch to remove the evaporated gold mask would also dissolve tha
gold core of the upturned edge. Figure 3-60 shows tha results of tha firet
attempt at implementing thie atching process. The Ti=W layers wera not etched
long enough but the gold was removed from the center of the lift-off edge.
Once these fabrication techniques are developed, the dual level matal system
can then be evaluated to demonstrate its reliability at high temperatura.

A prelininary procesueing run was performed to demonstrate the foasibilicy
of dual level metallization for high temperature electronics and to determine
if potential problems existed. A standard Ti-W diffusion barrier, sputterad
gold, and & thin top Ti-W layer wers used for the bottom metal level. The
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. e A T1i-W/Au/Ti-W Metallization Has Been Sputtered on
' : Top of Lift-off Photoresist.
) e Tha Photograph Shows the Point Where the Metal
Tears During the Litt-off and Laaves an Upturned -
Metal Edge. ‘ ’ '

Figure 3-57. SEM Closeup of the Lift-off Process.
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o The Patterned Metallization After the Lift-off Process
is Shown.

® An Almost Vertical Strip (Upturnsd Edge) is Clearly
Viaible.

Figura 3-58, SEM Photographa of a Portion of the El11%
Mask Pattern,
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e A Cross Saction Shown in the Bottom Photegraph Showe »
the Ti-W/Au/Ti-W Metallization and an Evaporated e
Top Gold Layer (1000 A).

Figure 3-59, SEM Closeups of the Lift-off Patterned
Metallization.
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e The Gold Layer Has §een Ramoved From the Center
of the Ti-W/Au/Ti-W Metal System by a Gold Etch.
!.J' - -
i Figure 3-60., SEM Closeups Showing the Results of a
First Attempt at Removing the Up*turned
Edge With an Etching Sequence.
¢
|
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bottom level was patterned using lift-off., Plasma nitride was deposited and
via holes etched ucing'bufforcd HF. Figure 3-61 shows the smallest vias on
the mask after etching. After etching the vias through the dislectric, the
wvafer was put in a Ti-W etch to remove the top Ti-W layer whers it was exposed
through the via openings. This provides a chack to assure that the vias are
completely opened up and axposss the gold layer so that the gecond level metal
can make a better contact.

irwo oxpcrimcn:dl cccondrlovol motatlizationo were deposited. The f{irst
wao a duplicneion of the ‘ssquence used for the bottom matal lnyorl vhile the
sacond used a chickor (7000 A) gold laycr nandwichcd batwaen a ‘top and bottom
Ti=W (500 A) layer. All matalliszation was pattornod uoing lift-off and no
passivation was applied to the second metal layers.

Two arrays of via chains batween the top and bottom metallization levels
were probed. Figure 3-62 shows SEM photographe of a portiorn of the 4 by 5
micron and 8 by 8 micron via chaine. The resistance between the ends of the
via chaine ranged from 270 to 307 ohms with the eame metal system on the top
and bottom lavels and from 187 to 204 ohms with the thicker gold on the top
level. One chuin out of eight was found to be open,

A crossover pattern that used serpentine structures at right angles on
the top and bottom metal levels was tested to study the dielectric integrity.
Figura 3-63 shows the crossover test pattern that was evaluated. The problem
dus to the lift-off patterning technique is clearly shown in this and the pre-
vious figure. The edges of the metal lines form an upturned cusp which can be
seen on both the top and bottom metal levels. This cusp increases the step
coverage problem for both the silicon nitride dielectric material and the

metal levels.
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¢ The Photograph Shows a Via Pattern Etched Into the
Silicon Nitride Dielectric Layer on Top of the
First Metal Levsl.

¢ The Mask Dimensions For the Vias in This Case Are
Four by Five Microns.

Figure 3-61. Optical Photograph of a Portion of the
E115 Mask Pattern Being Used For a
Dual Level Metal System Development.
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e The Photographs Show 4 by 5 Micron (Top) and 8 ;" '

by 8 Micron (Bottom) Via Chains Between the Two o -}1

Matal Lavels. ‘ 'y

e Both Metal Levels Were Patterned Using Lift-off !

Techniques,

'.
'vl
2

L ke

Figure 3-62. SEM Photographs of a Portion of the
E1l5 Mask Pattern.
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!: o Both the Top and Bottom Metal Levels Have Been '

. Patterned by Lift-off. I
{'.' Figure 3-63, Optical and SEM Photographs of a Cross-

b Over Test Pattern on the E115 Mask Set.
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4.0 HIGH TEMPERATURE STRESS TESTING

The high temperature electronics in a nonfuel-cooled on-engine digital
controller must survive for at least 10,000 hours at 300° C without failurs.
Accelerated life testing is necessary to demonstrate that electronics com=
ponents will survive for their design lifetime., Conssquently, high tempera=
ture stress testing must be parformed at temperatures above 300° C in ordar
to accelerate the testing, The etress testing accompliahad during this con-
tract phase concentrated cn: (1) evaluating the extent of degradation of the
ohmic contacts to the silicon, (2) dntcrmining the useful lifetime of the un-
passivated barrier/metal ayltcm.'(3) avaluating improvementa in this lifetime
as a result of various passivations on top of the silicon, and (4) detarmin-
ing if electromigration effects limited the useful life of the matallization
systam. These Eenﬁ rilﬁltl irc described in this gection. :

4.1 OHMIC CONTACT TESTING

The measurement of ohmic contact resistance between & chip metallizacion
and ths silicon is complicated by the spreading resistance which occurs as the
current spreads out in the higher rvesistivity silicon after being channeled
through the small concact opening. This spreading resistance cannot bs sepa-
rated from the resistance which may be present dus to a high resistivicy layer

between ths metal and the uilicon since both resistors are in series. However,

assuming that ths geometry of the contact does not chgnge, the spreading reeis-
tance should remain constant. As a result, any changes observed in the spread-

ing/contact resistance can be attributed to the contact resistance itself. ©o

P ]

The ohmic contact test pads at the top and bottom of each test cell (that
is, Pads 1, 2, 3, 4, 13, 14, 15, and 16 in Figure 2-2) are designed for ohmic
contact evaluation with various sizes of contact openings. A chip croae sec-
tion and electrical schematic of the ohmic contact pads are shown in Figure
4-1. As represented in the figure, the resistance Ro. Rl' Rz, and R3 are the

total spreading resistance and ohmic contact resistance series equivalent.
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Figure 4~1. Cross Saction and Electrical Schematic
of the Contact Resistance Tast Vehicle.
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The expsrimental measurement procedure for the determination of the contact
resistance is outlined in Figure 4=2. In this manner, the resistance iu series
with the two center contacts was monicored periodically during an accelerated
life tast.

A lite test, which for purposes of distinction will be called Life Test

"A", was initiated at 320°'¢C nnd continued for 300 hours. At 500 hours into

A the test, the tempesrature was increased to 340° C and the test continued for
another 2090 hours.

The contacts evaluated were 0.25 x 0.25 mil and 0.3 x 0.3 wil contacts
from the barrier metal system to P doped (base) and n+ doped (emitter) silicon.

In addition, 0.25 x 0.25 mil contacty were evaluated from the barrier metal to
n+ on P doped silicon (integrated injection logic collector contacts). The
life test results are shown in Table 4=1. The incresses in the resistance
values are attributed to increasss in contact resistance. The total lprniding

plus contact resistance experienced from a gate output (collne:ur) into the
following gate iaput (base) is thus on the order of 100 ohms for 0.25 x 0,23
nil contacts.

Table 4-1, Average Contact Resistance During Life Test "A",

No. of Exposurs at 320° C Exposure at 340° C
Typs of Cell | Contacts | O Houre | 450° Houre | O Hours | 2090 Hours
Al 7 79.9 83.8 84.0 90.8
(p-type) .
RER
A2 20 1.751 1.80% 1.829 2.6%2 —
(n=type) R
A3 10 1.632 1.680 L0 | 2,178 P
(a=on=p-type) -
b
A scanning electron microscope evaluation of the devices after the life
test revesled the same sort of metallization damags that had been observed P
—
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Step 1

Step 2

Step 3

Figure 4-2.

- TR!
Vl IR

1
V2 - (R1 + R)1

- t
V3 (R' + R2)I

V3= )

2 I

Experimantal Procedure for the Deter-
mination of Rl and R2 (the Contact and
Spreading Resistance Serles Combination).
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during sarlier development experiments., The failures included metallization
1ifcing, voidlnl. and cryltal focmation. This is showr. i> the SEM photographs
(Figure 4~3) of I contact pad caken after the completion of Life Test “A",

The ohmic. contnctu that were evaluaced in this test wers positioned at the
center of the bondin; padl and, ll a rccult. vere diroetly beneath the wire
bonds that contle:od chnno porclonl of the chip. By being in this location,
the change’ of ohnto contast roltltnncn dctnrnin-d durtnz Life Test "A" may
have been ulninilnd.” ‘ - B

4.2 RING 'Oscn.u'roi LIFE TESTS

A series of powered and unpowered life tests was conducted during the
course of this program phase using the Ti-W/Au mo:cllliciton system and the
ring oscillators contained on che 7-971 ¢.:.1;qu:£on test mask set. The life
testo were used to svaluate each stage of the metalligation development. - When
problems in thu metal system wers discoversd as a result of u life test, the
cause was fanvestigated, and corrective action was taken to eliminate the
failurs wode. This portion of tho'ropor: presents the life test results in
chronological order. By describing the failura modes and the corrective
action, a summary of the mntallization development saquence is presented.

The chips for the life tests reported in this section were obtained from
the 7-471 mask set. Each of the packaged circuite contained threse ring
oscillators and four logic gates on a single chip. All of the chipe used a
sutectic bond to secure the chip to the gold plating on the bottom of the
package cavity. One mil gold wires were then bonded to the chips for electri-
cal pin incerconnection. The ring oscillators (exceapt as noted) were powered
at a level which resulted in 100 microamperes of current per logic gate during
the stress tests. The individual logic gates were not powsred during the
life teste.

The firet ring oscillator life test (designated Life Test "B") was con-
ducted at 340° C. A Ti-W/Au metallization was applied to 7-471 Wafer 20 as
shown below.
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SEM Photngraphs of an Ohmic Contact Pad

Figure 4-3,

After 2590 Hours of Life Testing (Con-

tact is in the Center of the Pad Under

the

Ball Bond)
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Metallizacion Configuration for Life Test "B"

3¥ Gold (5000 A) Z
} Ti~w (2000 A) *3

8ilicon Oxide
or Pt8i (contacts)

The metallisation was patterned using a wet chemistry etching techniqus. The
finished wafer wvas left unpaseivated. The life test results are summarized in
Table 4-2 below.

Table 4=2, Integrated Injection Logic Ring Oscillator -
Life Test at 340° ¢ Life Tust "B".

(Temperature dropped to 300° C - for each readout)

Total Hours

on Test 0 26 68 163% 274 3%0 %8B0 962 1220 1330 1600
Number of

Functional 6 25 a5 24 20 20 19 19 10 8 0
Oscillactors -

¥At this time one chip was removed from the test for evaluation (one
oscillator had failed, two were still functional in this chip).

Chip No. 6 was removed from Life Test "B'" after 1220 hours at 340° C when
all oscillators hed ceased to function. A SEM analysis revealad a metalliza-
tion adhesion problem as the probable cause of fallure. Figure 4=4 shows how
the metallization started vo lift at the edges after 1220 hours at 340° C.
Figure 4-3 shows how the narrow interconnect mutallization at the interior of
the chips lifted except for the via contacts to active silicon, Finally
Flgure 4=6 shows the metallization lifting around contact opsnings to the

active silicon. The problem with poor metal adhasion was moat severe with
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Figure 4-4,

Metallization Lifting on a Bonding Pad
After 1220 Hours at 340° C.

——




. AR s

a

TTHEY A
TEEY ST

I
TEA I n

Figure 4~5. Matallization Lines Lifting After 1220
Hours at 340° C.




Figure 4-6. Metallization Lifting Around Contact
Openings After 1220 Hours at 340° C.
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narrow line widths on top of tue chip field oxide. The large bonding pad
regions and the contacts to silicon were not as severely degraded. '

At the end of Life Test "B" (1600 hours at 340° C), various chips were
exsmined to determine the failure modes. Although metalltlntion adhesion
remains the probahlo cause of fnilur., ‘various other potonCial failuro modes
vere evident. TVigure 4=7 shows a bonding pad from a. chip which vas sub jected
to the eatire life test. In addi:ion to :ho adhesion problcm, this sample
exhibits evidence of motallisation voiding and gold layer cryestallization.
Pigure 4=8 shovs gold crystal tornnciono and m.talli:ntion lifting on one of
the ring oscillator circuits. Figgrpo 4~9, 4-10, and 4-11 show details of
various other metallization features observed after the lifp iqqf; 7

i At this point, 'thc program resources were directed toward the solution of
i the metallization adhesion and diffusion barrier probﬁcm. This ;cuultud in

an improvcd barrier metallization system as ohown below:

Metullisation Configuration Used for Life Tests 'C", "D", and "E"

Goid (3000 A) i

Ti=-W + nitrogen (2000 A)}
- s G GD GHD CWN S5 IP WAR 4PN W e Updop.d Ti"w (250 A)

i 8ilicon Oxide
: or Pedi (Contacts)

Thio improved version of the barrier metal system was spplied to wafers

which were etched with a wer chemistry process in preparation for another

4.7, Ry - « - - 7
,

series of life tests. e

Wafers 17 and 21 were selected for packiging based on acceptable 121, ?fﬂil
| elactrical charscteristice as well ae visual observation ou mecal wligrment
i and stching accuracy. These wafers were diced and 121 die selected for final v
packaging. The selected diss were eutectically bonded to the package header

and gold lead wires bonded.
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Figure 4-7.

Bonding ¥ad of a Chip Exposed to 340° C
for 1600 Hours.
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Figure 4-8,

Gold Ciystal Formationy Ohserved ..fter
(Life Test '"B") 1600 Hour- at 340% C.
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Figure 4-9, Ring Oscillator Metallization After
(Life Test "B'") 1600 hours at 340° C.
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Figure 4~10.

Closeup of Integrated Injection Logic
Injector Contact After (Life Teat "B')
1600 Hours at 340° C.
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Figure 4-11., Closeup of Metallization Features After :‘ff
(Life Test "B'") 1600 Hours at 340° C. ,
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‘When the lids weve put on using the high temperature gold-garmanium pre-
formi. it was found chat the lid sesls were not hermetic. The lack of her-
meticity was found at both the fine and gross leak testing stage and was
attributed to the particular die bonding procedure. It was decided to procesd
with the life teats of the nonhermetic packaged devices because of time con-
ltralntu and- because tho nonhorn.ttc plckqgon would provide a more severs
environment than originclly ancicipaccd.

_  Two powered life tests (Tests "C" and "D") were conducted with the pack-
aged circuits from these wn!nro. The first oven life test with this mocnlli-
sation was conducted at 340° C and involved 10 powered chips (30 ring oscilla-
tors) from Wafer 21. A sumnary of Life Test "C'" is shown in Table 4-3, The
test was terminated after 341 hours when 13 out of 30 oscillators had failed.

Table 4=3. Wafer 21 Powered Life Test at 340°* C =
Life Test "C".

(Temperaturs Dropped to 300° ¢ for Readout)

Tocal Hours

on Test 0 104 173 K TA L
Number of

Functional 30 29 29 17
Oscillators

“Test Terminated

A parallel 1ife tast (Life Test 'D") was conducted at 320® C ueing 10
powvared chips (30 ring oscillators) from Wafer 17. Table 4-4 summarizes the
results of this life test,
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Table 4=4. Wafer 17 Powered Life Test at 320° C -
Life Test "D".

(Temperature Dropped to 250° C for Readout)

Total Hours 1

on Test 0 20 43 166 320 470 1000 1600 )
Number of - ,

Punctional 30 28 28 2% 20 18 4 2 .
Oscillators : .

An additional unpowered life test (Life Test "E") employed packaged chips
from both Wafers 17 and 21. 8ix chips from Wafer 21 and 10 chipe from Wafer 17
were used in this test. The circuits wers placed in a diffusion furnaace set at
350° C with a nitrogsn ambient. All circuits were removed from the furnace and
cooled to room temperature for readout. The results of this test are shown in
Table 4-3.

Table 4=3. Unpowsred Life Test at 350° ¢ (Diffusion Furnace) =
Life Test "E".

(330° C lnicial Temperature = Drifted up to 339° C at 325 Hours) '

Total Hours .
on Test 0 20 70 210 328 420"

Number of

Punctional 18 18 18 3 2 0
Oscillators

(Wafer 21)

Number of ,
Functional 30 8 28 19 6 1
Oucillators

(Wafer 17)

Total Failures 0 2 2 26 40 47

*Test Terminated
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in the 350° C life- test. The hillouko are confined to the edges of the pad

- A BEM analyntl of the failed devices frouw Li!c ‘Tests "C", "D, and "E"
si:owed cha\ r\a severs mo:al adhesion problom, uhlch had caused the carllcr
life test Eulluril. was not the cause of failures in this case. The dominant
failure mode for thln serins of 1ife tests appeared to be self=diffusion in
the 3old laylr clullng cryﬂtnllllation and voiding in the metallisation. This
type of tailur.L;I tndloa;oq in rigurqo 4=12 and 4=13 which ehow 8BM photo-
graphs of tini‘olcfllgtor|,ﬁhlchfgnilud after 320 hours at the 320° C. The
specimens shown; ulthodgh aot from Life Tests "c", "D", or "E", were of that
same vintage -and were :cctnd cancurr.n:ly for consld‘rlbly longor periods of
time. rigurc h-14 ohova ‘one such specimen that way exposed to 320° € for 2200
hours. Even n:to: this time, the wetallization adhesion appears to be adequate.

Figures 4=13 and 4=16 show the metallisation on avchip after 420 hours

areas bHut are pcrvntivo throughout the ring oscillator metallisation. Figure
4=16 shows the presence of hillocks, volds, and gold arystals. FTigurs 4=17
shows that otntlar defects appeared after 210 hours at 330° C during Life
Test "B",

A variety of potential failure modes is evident from this series of life
tests (C,D, and )., Mstallisation voiding was the immediate cause of the
fallures but goid mounds werse also observed. The mounds ware confined to a
S to 10 4 reglon ..t the edge of the metallization pattern. It was eventu-
ally datermined that these mounds were caused by wet chemistry etching 3.jf}§

techniquas used ir patterning the metallieation. The Ti-W atchant would

undercut tha golc layer and leave a residus which caused the mounds which R
were actually bubbles. }”"'j

A aew lot of 7-47]1 wafers was diffused and the mecallisation reapplied to e
sample wafers in preparation for «dditional life testing. The metal syutem l‘f:iﬁ
was ion milled instead of using the wat etch process. After fon milling, a .I;l
silicon nitride passeivation layer was deposited in an effort to physically L___J
restrain the gold crysval growth phenomena. The metal system and passiva-

tion are shown below:
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g Figure 4-12. Bonding Pad and Ring Oscillator Metal-
: lization From Chips That Failed After
320 Houre at 320° C.
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Figure 4-13, Closaup of Ring Oscillator letallization
That Failed After 320 Hours at 320° C.
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Figure 4-14, Metallization After 2200 Hours at 320° C.
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Figura 4=-15,

Barrier Matallization Aftar 420 Hours
ar 350° C (Life Test "E").
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Figure 4-16. Closaeup of Metal Runs After 420 Hours
at 350° ¢ (Life Test "E'").

132

[WY .Y




TXTOYTTTY TN TwTTY T 0w Sy m ey v r w - . ad

LTI

C v €. < 3

L IV R e g

Figure 4-17. Metallization on a Chip That Failed
After 210 Hours at 350° C (Life Test "E").
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Metalligation Configuration Used for Life lests "F' and "G"

YBilicon Nitride (5000 Ay

2 } Gold (5000 A) )’
i , ~ Ti=W + Nitrogen (2000 A)
B Undoped Ti=W (250 A)

8ilicon Oxiae
-~ or Pt8i (contaccs)

Two life teats {herein designated Life Tosts "PF" and "G") were conducted
v concurrently using this motal syetem. Ten chips (30 ring oscillators) from

Wafer 19 were placed on a powered life test at 340° C. The oven temperature
'was lowered to 300° C to determine if the chips were still operational and

then returned to the test temperaturs. A summary of Life Test "F" is shown in
Table 4=6.
i Table 4=6. Wafer 19 Powsred Lifie Test at 340° C - Life Test "F".
= Tot al Hours
. on Test 0 47 143 220 237 311 424 621 851
Number of T
Functional 30 30 30 30 28 26 20 15 3 S
Oscillatore S
- 1
) -
E An unpowered life test at 360° (Life Test "G'") was conducced to provide a
leading indicator to possible failure modes. Ten packaged chips from this
game wafer (No. 19) were placed in a diffusion furnace. The chips were
h; removed and cooled to room temperature to check for correct vperation. Life ___J
F : Test "G" was terminated when all but one of the chips had failed after 468
- hours. The Life Teet "G" summary is provided in Table 4-7.
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Table 4-7. Wafer 19 Unpowered Life Test at 360" C - Life Test "G".

Total Hours '
of Teat 0 309 468
i - Number of _ _
N Functional , , 30 13 1
K Oscillators - - ' ' G
i o At 309 hourlrlono”chip-wnu removed from the 360° C.Life Test "G" aZter

sll three ring oscillators had failed. An analysis of the ring oscillators and
§ _ 121, test cells indicated that all of the transistors that could be examined

v slectrically with a curve tracer operated normally but that scme of the chip
connections to thn'éinz oscillatovs were open circuits. The package iid was
vemoved and all bonding wires were found to be intacc. The silicoa nitride
rassivation was removed with hot phosphoric acid and the chip was examined
using a SENM.

SEM analysis indicated that the causes of the failures were brciku in tha
metnlligsation lines where thay passed over an oxide step. Figure 4=18 shows
SEM photographs of the injector (powsr) input and signal output lines for one

of the ring oacillators on this chip. PFigure 4-19 shows a S8EM closeup of sach of

these lines from the previoue figure. The pits in cthe ailicon surfacs and the _
aprarent undercutting of the T{-W/Au metallization wers caused by the acid r”lf}ﬁ
etch used in removing the passivation layer. The fallure of this chip during L
Li.fs Test '"G" was caused by a mechanical lifting of the metallization which,

in conjunction with the oxide step, allowed the line to pull apart. C {

SEM voltage contrast photography was used to verify that ths chip failures
from the 340° C powered Life Test "F" were through the same mode just reported.
At 621 hours into the powered life test, one chip was removed when all oscil=
lators had failed. Figure 4~20 shows the SEM evaluation of that chip. The ;_ﬂfl

3 top photograph is a normal SEM view, while in the bottom photograph the voltage
contrast signal is being applied to the bonding pad visible in the bottom right

-— e —
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¢ As Can Be Seen in the Photographs the Failure

is Dus to Broken Metallization Rune Caused 3y
Metal Lifting.

¢ The Nitride Passivation Has Been Removed From

This Sample.

Figure 4-18. SEM Photographs of Chip No. 23 Which
. Fatled After 309 Hours at 360° C
] (Life Test 'G").
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¢ As Can Be Sean in the Photographs the Failure is
Dus to Broken Metallization Runse Caused by Metal
Lifting

Figure 4-19. S3EM Closeup Photographs of thae
(Chip No. 23) Failed Metallization
Rune Which Were Shown Previoualy
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o The Top Photograph Shows a Normal SEM View of
a Portion of the Chip While the Bottom Photo-
graph Illustrates the Voltage Contrast Tachniqua.
¢ The Two Metallization Rune Leading From the
Bonding Pads (Bottom Right Corner) Ara Open
Where They Cross an Oxide Step.

Figure 4-20. SEM Photographs of Chip No. 2
Which Failed After 621 Hours at
340° C (Life Test "F').
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corner. This line is the output signal from the ring oscillator. Thers is

an inducndr(letaso contrast) slectrical signal on the adjacent pin (bottom
middle) eince that pin was not grounded in the SEM. As shown in the figure,
both metal lines are open whers they cross the oxide step since the electrical
signal used to provide the voltage contrast effect does not propagate past
thil]l:up;

The n@;allilntioq open circuit failures experienced in Life Tests “!"'and

© "G" sparked a new investigacion into the metal system. This stydy was dis~
~ cussed in Seccion 3.4 entitled "Metallisation Adhesion" and resulted in elimi-
" nation of the nitrogen stuffing at the Au/Ti~W interface as wall as at the

P:S‘/Ti-w interface. New wafers were processed using the knowledge gained in
this exercise with life testing currently belng under a subsequent program
{Contract NOOOl4=83-C-2393), ‘

When the last waler lot of 7-471 wafers was being diffused, two wafaers
were complitcd with aluminum mlﬁallllitiéh to svaluate the lot yield before
accepting the remaining wafers without metallizastion. A decision was made to
subject some of these chips to a life test to obtain a comparison between
aluminum and gold=based metal lyittnl. The aluminum was deposited by E-bean
svaporation of pure aluminum (no silicon) to a thickness of 1z.obo A. An
extensive sintering cycle dissolved enough silicon from the device contacts
to sssentially saturats the metal with silicon. A plasma deposited silicon
nitride passivation layer of 7000 A was depoaited and the chipe from Wafer 6
were packaged in aluminum compacible CERDIP packages using aluminum bonding
wires.

As before, two life tests at different temperatures ware conducted with
the aluminum metallised chips. A powered life test (designated Life Taestc "H")
was conducted at 340° C using 10 of the packaged chips (30 ring vscillators).
Esch of the gatas wae biased at 30 yA, The woret case current density was in
a ground return line that was 0.3 mil wide (7.5 y). As a resulc, the higheet
current density was less than 10,000 nmp/cmz. A summary of Life Teet ''H"
ie provided in Table 4-8,

136

R
. =



b

Table 4~8. Wafer 6 Powered Life Test at 340° C - Life Test "H".

{Aluminum Metallisation)

Total Hours
on Test 0 21 69 134 302 3768 818

Number of .
Punctional 30 30 30 30 30 30 30 -
Oscillators

Total Hours : :
on Test 968 1589 2269 3244 3725 4584  508¢

Number of
Funet lonal 30 30 30 30 30 30 30
Oscillators

The povered Life Test "H" was terminated after 35086 hours at 340° C (a
period slightly longer than 7 months). If an acceleration factor of at least
2X can be assumed for a 40" C temperature differential at these tempsratures
(that {s, an activation energy greater than 0,525 eV), then this life cest is
squivalent to 10,000 hours at 300° C which meets the immediate goal of cthis
development program.

Chip packages wers opened at the conclusion of Life Test "H". No changes

or observable degradation was found in thesec chips that had survived for over

5000 hours at 340° C. An unstressed sample from the same packaging lct (but not
put on life test) was opened to compare with the life test samples. Figure
4-21 shows this comparisou. As ssen in the figure, no optical difference can
be ovbserved from before to after the life cest.

In addition to the powered Life Test "H", an unpowered Life Test "I" was
conducted at 360° C inside a diffusion furnace. The packuged chips from Wafer

6 were pericdically removed from the furnace and tested at room tempsraturs ‘ -J
for correct operation. This life tast is still continuing, A final summary
will be available in the monthly reports or final report of the current con-

tract phase. The rosults to date (March 1984) are cummarized in Table 4-9.
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Lo e The Bottom Photograph Shows an Identical Region R
L. of a Chip After 5086 Hours at 340°* C R
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i Figure 4-21, Ring Oscillavor Sections in w,i
- Aluminum Metallized Chips. L
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Table 4=9. Wafer 6 Unpowered Life Test at 360° C - Life Test "I".

(Aluminum Mstallization)

Total Hours 7
on Test 0 23 71 165 233 401 368 813

Number of : '
Functional 30 30 3 30 30 3 30 - 3
Oscillators - -

Total Hours ' '
on Test 1333 1668 2269 3177 3848 4389 5285 5981 6430 6770

Number of

Functional 30 30 30 30 30 30 30 29 29 29
Oscillators )

4,3 ELECTROMIGRATION BVALUATIONS

An early lnvestigation into the acceleration of metallisation failures
due Lo electromigration was conducted at 320° € in che same oven as the ving
oscillator life test, This test (designated Life Test "J") used five of both
the Al and A2 electromigration test cells which each contain two individual
patterns. The patterns in both cells contain 0.23 and 0.3 mil lines which
are approximately 14 mils long between the Kelvin probe connections.

The 0.25 mil lines were biassd with & current density of 500,000 amp/cm?.

The bias current for the 0.3 mil lines was 100,000 nmp/cmz. The results from
Life Tewet '"J" ars shown in Table 4=~10, However, before discussing che fail~
ures, a comment is in ordsr about this sxperiment. The purposs way Lo deter-
mine 1if electromigration of the gold metallization could accelerate tha as-
sumed thermal migration failure mode that had produced crystals and voids
concentrated at the sdges of the matallization regions. With the higher cur-
rent density, the narrower lines could be expected to fail more rapidly than
the wider ones, In retrospect, it is unfortunate that the higher current
density was applied to tha narrower line. Since the times to failure are

eimilar to those obtuined in concurrent life tests, the only conclusion that
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"mny be drawm is that the current donlitieu employed do not appear to have

accolcrncnd the f.&lurc.. o

Table 4-10. Elestiomigration Bvaluation (320° C) = Life Test "J".

L

Aroral ours [ T T, T

1 on Test 0. 28 716 62 T 164 204 446 640740 880 1000 1800
et — T A e e S —— -
Number of | T T
:Intact Lines. | - BT T e
AL02s ML | 8-S & 4 3 T3 10
AL 03 Mil 3.8 s 8 3 3 s s 43 2
A2 0.25 Mil 5 4 4 3 3.3 2 2 3 2 2 2
A2 0.3 MLl S 5 5 5 5 4 4 4 & 4 & 3

PRARERER 2 S
-

In’nvaludﬁiﬂi’i'dqvfnn'Ehnc-{nilod‘cttorliooolh¢urn.itb320'.G, pore Lone
of the oloutromt;rntton metalliisation lines were !odnd to have a different
reflectivity for both optleal and BRM oblarvution Thie e veen in Fisurc 422
where the top photo s an op:lcul photograph of thc,dcvtcn lnd nh. bottom photo
in the fi;uro“tl e 8BM photograph of the same ro;ion. Trom thc dilcoloracion
around the failury point, it appears that some other failurs mechanism is the
cause of the failure. TFigure 4-23 shows 8EM closesupe of two sections vn the

" slectromigration line. In one, the familiar hillock/void failure mecheanism is

observed; while in the other, the previously described failure point is seen.
Before jumping to conclusions about new fallure modes, remember that these
chips were unpassivated and that the packaged devices were not hermetically
sealed. More work will be needed to verity the affect of electromigration
and to what extent it may become a problem with the TL-W/Au metallization
system.

Other alectromigration cells falled from the sams hillock and void mode
which was responsible for the ring vecillator life teet fallures. As seen in
Figures 4=24 and 4=23, voiding acrosse the 0.25 metal line caused this failure
after 470 hours at 320° C
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Failed Device From the Electro-

Figure 4=22,

migration Test After 1000 Hours
144

st 320° cC.
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Figure 4=23,

SEM Closeup of Electromigration
Cell Shown in Previous Figure.
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Figure 4-24. SEM Evaluation of a 0.25 Mil Electro-
migration Cell That Failed After 470
! Hours at 320° C.
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Figure 4-25.

LA At e

SEM Closeup of Cell Shown in Previous
Figure.
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4.4 PASBIVATION IKPIRIHINTS

Many ot th. chip mctallizattonl omployod in tho proviou.ly doccribnd high
temperature otrcll :ootl worn unpaaulva:od.} ‘In thc cares whcvc thl metalliza~
tion was unpaluivacod. !nilurcu were. duc te opon cxrcul:n rc&ul:ing from
thermally induced nnlf-diftuliun i thc gold lcyor. A prolimlnlry cxp‘rimon:
aimed &t controlling thin :h.rmally induced lolf-dtftuolon was conductod ucin;J
the applicacion of a pncciv‘tlon layor. Thrnc dif!uront palniv:clon .pproacho.

.';‘i:‘;'f-}{éé_‘ﬂ;(x:‘z—?i' DR |

£l

-

were indopcndnntly .mpLchd- -
1., 709

f{lputtcrcd 8i02

; ZaTilE
g S

2, 7000 A o! plnomn dlpoaltod oilicon nitrido 8£3N4

3, 7000 A o! Bllox.'

Thase lnycro werte applicd to. complcto pattcrnod wafor ucc:ionl frbm the same
procosling run ‘that |uppl£od the chipc for the olcccromigrntion llln t.ot.'
The wafers wo;o then annealed for 220 hours at 360° C in a diffusion furnace.

R
‘-"l
X
S
)
k

N A sraple unpnluivacnd wafer section was annealed for 122 hours in the same
furnance as a control.

The SEM annlyoio of the annealed llﬂpl.l is nhown in Figurcl 4=26, 4-27,
4-28, and 4-29. The annonltn; times and :cnporc:urun are comparable to those
naeded to produce failurss in the life=tested devices. PFigure 4=26 ghows the
- control, an unpassivated sample that was annealed for 122 hours. Pigure 4=27

BES AR

shows the improvements obtained by sputcering 7000 A of 8i02 on top of the
metallization. Gold crystal formations are obssrved at the edges of the metal
interconnect lines, probably due to cracking in the passivation in this high
etress region. The plasma deposited silicon nitride sample shown in Figure

4-28 gurvived the anneal with few metallization changas. Howsver, the silicon .

aicride did not adhare to the gold and, as a result, cracked and flaked off

_ from che larger metal expanses in the slectromigration test cells. The silox .o

ii overglass results are shown in Figure 4=29. The eilox bridged the I2L metal- i_;—$
lization and produced favorable results similar to those outlined with plasma o

nitride. Howavar, adhesion problems wers also observed with the silox passi-

vated damples where cracking in the bonding pad regions was observed. Gold

v 4=29, growing up through theae cracks.

ij crystal formation was observed as seen in tha bottom photsgraph in Figure '_i
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Figure 4=26,

Unpassivated Gold Barrier Metallization
Annealed 122 Hours at 360° C (Used as
Experiment Control).
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Figure 4-27.

[P PRy

darrier Matal Syatem With 7000 A of
Sputtered Si0; After Anneallng 220
Hours at 360° C.
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Figura 4=28., Barrier Metal System With 7000 A of
Plasma Nitride (Si3N,) After Annealing
220 Hours at 360° C,
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Figure 4-29.
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Barrier Metal System With 7000 A of
Silox After Annealing 220 Hours at
360° C.
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 The plolivacton llﬂpl.l wers rc:urnod to ‘the furnace ‘for an nddlcional
289 hourl at 360 'C. The lanploo woro removed and both opcicnl and scanning
olcccron utcroocopn oblurvntlonn nade. It chould be noted that ‘the unpassi~
va;ud sample had cccunulu:od 411 hourn total at 360' C while thc three passi-
vated onnplon had been annnnlnd for 509 hours at 360° C.. In addicion, the
samples’ wcto bo;inntng to. lcnUnulatu lurfuen contaminatios" (dir:) ‘and ‘
u-chanical dumagc (lcrntehol in thc unpaolivctcd nltcllilacton) dus. :o thc

- lltll nmount of hlndlin:.

Vlluro 4-:0 lhqwl tho unpaaniv.tcd :zn rlng oncilla:orl al:nr 41l houro '

at 360‘ €. In'the bonding pad rogtonl (4 by S uils), it can be seen that’
tho bulk of :ha ‘hillook aud crystal gtovth {s confined to the pcrtphory of
the metallisation area (thur. 4=31). Tigure 4=32 shows o SEM olaooup of the
metal lines ou the rtng ooetllator test circuits. These civcuits would have
failed in a life test dus to breaks in the wetallisation as can be seen in
the lower photo. A bonding pad on one chip’ (rigure 4~33) had nun:ctnud some
mechanical damage (scratches) probably from handling during the previous
inspection after the initial 122-hour snneal. During the subsequent anneal
(289 hours at 360‘ C), crystal formaticn had procesded preferentially along
:harncrntohiu in the top gold layer.

All the passivated samples survived the anneal (309 hours at 360° C)
with fewer radical changes than expariencad with the unpassivated sample. In
general, the passivation did not adhere well to the gold metaliisation but
this was not entirely unexpected since no adhesion promoting layers were
included in the metallization. Figure &4=34 shows an 121 section on the wafer
sample with 7000 A of silox passivacion. The crystal growth observed in the
unpassivated sample (Pigures 4-30and 4=31) is absent but the passivation was
cracked where it covers the bonding pad regions. SEM closeups (Figure 4-33)
show the gold top metal layer extruding up through a crack in the passivation
over a bonding pad (top) and over an 1L injector contact (bottom). The passi-
vation over the I2L injector contact appeared to separats at the substrate
atep allowing the gold to squeeze out through the crack.

Figure 4-36 shows an 12L section of the sample that wav passivated using
7000 A of sputtered 8i03. The gold crystal formations at the edges of the
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Unpassivated Sample After 411 Hours C
at 360° C. )
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Figure 4=-31.

O T A TR T PP

Bonding Pad Region of the Unpassivatad
Sample Showing the Accumulation of
Crystal Growth at the Periphery (Top)
and a Closeup of Two Crystals Found

in the Pad Interior (Bottom).
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Figure 4~32. SEM Closeup of Unpassivated Ring
Oscillator Barrier Metal After 411
Hours at 360° C.




Figure 4-33. Damaged Bonding Pad Region Showing
Praferentinl Cryatal Formation Along
Scratches In the Top Gold Layer.
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Figure 4-34. Silox Passivated Sample After 509
Hours at 360° C.
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o 4 x 5 M1l Bonding Pad

e 7.3 Micron Intarconnect Lines

SAGAARdIinG |  pASSUE AR ARans

Figura 4-35. Cracking of Silox Passivation With
Gold Extruding Through the Cracks. i
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Figure 4~36. Sputtered S107 Passivated Sample After
Annealing 509 Hours at 360° C.
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barrier me.al interconnecL lines are more prominent afte- 509 hours at 360° C.
Pigure 4=37 shows SIM closeups of the metallisation on & ring oscillator (cop)
and two parallel lines on the electromigration test c¢ell (bottom). The gold
crystals apparently !oru'thgough step coverage defects where the sputtered
passivation does not cynblntcly cover the edges of the metallization lines.

The plasma nitride passivaced sample is shown in Pigurs 4-38. The sili-
con nitride did not adhof§ :o7:h. gold at all but tended to bridge the gold
regions from the chip field oxide. As can be seen in the figure, the passiva-
tion flaked off {rom ﬁun.rohl bonding pai vegions, and in other regions it is
ralsad above thd ;old'ihtai surfaces so that 6pcign1 interfersnce patterns are
visible (bo-tom :hrco:p-dg on the right side). B8EM observation of the metalli-
gation on this canpli'pr09ido| substantial chcourcgom.nt that the crystalliza-
tion problem may be solved. Figure 4~39 shows a bonding pad where the passi-
vation has flaked off. Note that no crysctal formations are observed arvund
the pariphery as were seen with the unpassivated sample (Figure 4-31)., This

observation is typical of the metallization on this sample and many other pads

that have been uncoversd for at least 289 hours st 360° C.

Based on the results seen in this }rcliminary study, esilicon aicride was
chosen as the prime candidate for a passivation material. An investigation of
plast.a deposited silicon nitride processing revealed several varisbles that
had to be controlled to produce a sacisfactory passivation film. The keys to
success were the production of a densse, elightly comprecsive film, deposited
at a tempurature less than 350° C anud che addition of a Ti-W adhagion promot-
ing layer on top of the gold.

The comprescive or “ensile properties of the passivation were controlla-
ble by variation of process parameters during deposition. Concurrartly with
the development of the piasma ositride passivation layer, & decision was wade
to expand the metal system into a dual level capability. Thue a passivation
(dielectric) thickness of 5000 A was chosen for all further studies.

Some of th: initia!l silicon nitride results are shown in Figure 4-40.
The film in this figure was depositud .‘th a large tensils stress. Inictially,
the wurface appetied unblemishyd, buc, afrer annealing for 471 houre at 350° C,

the passivation cracked and lifted from the metallization and wafer surface.
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Figure 4~37. Gold Crystal Formation at Edges of
Barrier Metal With Sputteved S10;
Passlvation.
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Figure 4-38. Plasma Nitride Passivated Sample After
Annealing 509 Hours at 360° C.
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Figure 4=39,

SEM Observation of Bonding Pad in
Plasma Nitride Passivated Sample (Top)
and Closeup of Gold Crystals in Pad
Interior (Bottow).
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¢ The Samples Were Annealed For 471 Hours at 350° C.

Figure 4-40. Optical and SEM Photographs of a Highly
Tensile Plasma Nitride Pagsivation
Deposited on Gold Metallized Samplas
Without a Top Ti-W Layer.
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Another trial, shown in Figure 4-41, had a slight tensile stress in the
as-deposited film. After annealing 471 houre at 350° C, the nitride only
cracked over the chip bonding pads.

The addition of a 300 A top Ti-W layer to the gold film improved the
passivation adhesion .to the mstal system. _Figure 4-62-£Lluutracqo the resulte
of an annealing oxﬁ.riudﬁ: ii:h'thli'jyltim where thi llﬂpl.l were stored at
350* ¢ tor 273 hourl- No craekn or pnonivction pocling were visible after

7 Thc d.poni:ton o! &, utlicon ni::td- luycr vich a uli;htly compressive
stress cpparontly solved the pan.ivetion adhontan ptoblem. A sample with this
~ passivation dopo.@;cd over a test mctullt:;thn,lcruptutc is shown in Figure
4=43. The mecallisation had a 500 A Ti=W lajor on top of the gold for adhe-
sion purposes. This photograph was iaken after the sample had accumulated
824 hours at 369' C. No cracks or signs of passivation lifting were observed

in ch;o sample.
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o The Samples Were Annealed for 471 Hours at 350° C.

Figure 4=41, Optical and SEM Photographs of a
Slightly Tensile Plasma Nitride
Passivation Deposited on Gold Metal-
lized Samples Without a Top Ti-
Layer. :

187

T L e T e e e e ‘. P T . - ' .
N . T o e T Tae ey, . . L. - A - . - B . M -
“ . e — e el et ekl i Dbttt ettt idsintetin A




o The Samples Were Annealed for 273 Hours at 3%50° C
(7.5 Micron Interconnect Line)
Figure 4-42. Optical and SEM Photographs of a
Slightly Tensile Plasma Nitride
Passivation Deposited on Gold Metal-
lized Samples With a Top Ti-W Layer.
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o This Sample Was Annealed for 824 Hours at 360° C.
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Figure 4~43, Optical Photograph of the High Temnerature Gold Metallization
With a Top Ti-W Layer and Compressive Stresged Plasma Nitride
Passivation. ) K
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5.0 LOGIC GATE DESIGN ANALYSLS

Barlier studies (Reference 10) using the Ganaral Electric Integrated
Injection Logic computer model indicated that specific doping level changes
could have a first order effeact on the high temperature performance. The
model was employed to predict the ilmprovements that could be obtained from
these specific doping level changes. A doubie diffused, junction isolated,
bipolar process was used as the basis for this modeling work. As & result,
processing objectives were obtuined which should improve the high temperature
performance. This section of the report summarises the related analytical
efforts which wnro‘nccbmplilhod during the program.

The standard 121 model was supp lemented to account for second order
sffects such as the addition of base width modulatione dus to junction deple-
tion regions and the addition of gate fan-in effects. Another change allowed
the model to internally compute doping levels and junction depthe based on
input data and processing information. This provided more realistic simula-
tions on devices and on process variations that can be physically fabricated.
The third type of improvement was cosmetic and resultad from transferring the
model to a VAX. Since the VAX line printer has graphics capabilitiaes, the
entire modeling process was automated, including the plotting of tha final

curves.

The initial modeling, shown in Figure 5-1, confirmed experimental evi-
dence that the high temperature effective gain rolloff point incressee with
increasing injection current. However, it was found experimentally that the
13 gates had a decreasing range of injection current over which they operated
as ambient temperatures ware increased. The lower limit for injection current,
for which the gate still operates, occurs when the ftotal leakage current in
all of the collectors tied to a gate input (NPN base) rob that gate of its
injection current. The upper limit for a gate's injection current range for
which the gate still operates is related to the sffects of high current
densities in semiconductors. Resistive effects lead to smitter crowding plus
the normal decrease in beta associated with high base currents. The model
makes no pretenss in accounting fur resistance effects {(they could possibly

be added) since geometrical descriptions of the gate would then have to be
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included. At present, only the lower threshold point in the injeccion current
rvange is predicted by the model.

The standard process IZL (thicker api) was modeled with variations in
the NPN base doping. The doping levels were adjusted by changing the base
surface deposition (the number of dopant atoms deposited on the surface per
square centimeter before diffusion). Figure 5-2 shows the effect of varying
the base deposition where the epi thickness after processing is held at $
microns to prevent the base region from diffusing into the buried island (or
substrate). A subsequent data fitting to a published base profile indicated
that during normal production, chips had baen processed with & base deposition
of $.6 x 1014 ltoml/cm2 on & reasonably thick epitaxial layer. Experimental
measurements on ring oscillators, that were fabricated using a similar pro-
duction process, showaed a temperature limit of abuut 250° C at 50 microamperes
injection current. Figure 5-2 (modeled using a 100 microampere injection
current) shows that at the experimental base deposition, the gain drops below
unity at slightly below the 250° C point.

Having produced the previous calt?rntion point, the epi thicknese was eet
to 2.5 microns in the modsl and the base deposition varied again. The effect
was to vary the final doping in the intrinsic NPN base emitter junction region.
In Figure 5-3, the top curve shows the effactive gain with & light base deposi-
tion of 5.0 x 1013 acomu/cmz. In this curve, the base only penetrates 2.1
microns into the epi. 1In the sacond curve with 1.0 x 1014 base deposition,
tha basa diffumes almoat completaly through the epi layar. Tha othar curves
show the effect of pushing the base regions down into the buried layer (sub-
strate). In essence, the affactive gain rolloff temperature is increasad
with increasing base doping. Figure 54 if a continuation of this modeling
experiment with even larger base depositions. The problem with fabricating
devices with these parameters is that the intrineic base doping and base-
enitter junction depth in the final device are determined by where on the
base doping profile the base doping concentration matches that of the sub-
strate doping. Thus the base emitter junction is referenced to the substrate
while the base collector junction, having been diffused last, is referenced
strongly to the chip surface. As a result, epi thickness varlations trang-
late almost directly into NPN base width variations.
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Figure 5-2. Effect of Base Doping on 1L
Operating Margin with a 5 Micron
Thick Epi Layer,
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The large values of effective gain shown in Figures 5-3 and 5-4 are arti-
facts of the modeling process. The NPN traonsistor model gain is determined
primarily by thae transistor's base width which is specified in the computer

- model. This zesults in the wide gain swings for the Lransistor as the base

doping lavel changes.  In reality, it is the transisetor gain which is a pro-
cessing spacification and not the base width.

The modealing results with the base depositinn variations indicated that
the doping at the base emitter junction strongly affected the high tempera-
ture performance. Thase changes could also be produced by changing the epi
doping level to form the base/emitter junction closer to the éhip surface at
a highar base doping. To verify this, the api thickness was set at 5 microns
to kaeap substrate doping from influencing the experiment, and variations in
the epi doping level woéc modeled. The results presented in Figures 5-5 and
5=~6 ware produced by setting the bass deposition at 1.6 x 1013 ctoml/qmz (the
third curve in Figure 5-4) end varying the epi doping. The high temperature
rolloff point does not exceed 300° C as predicted by ths bass doping variations
even though the changes in the NPN emitter doping increasad to a level that
was five times larger than used in Figure 5-4. The reason for this was shown
by the variations in the PNP alpha whiéh is directly effectad by the cpi‘
doping'lovcl. _As the doping increasad causing a reduction in alpha, the net

reasult was to simulate a lcwer injection current level into the NPN transistor.
At NEPIE = 5,1 x 1018 n Figure 5-6, the injaction current into the gate haa
been decressed enough to cause a reduction in the high temperature performanca.

A possible solution to this dilemma would involve the growth of a double
layer of epi. The PNP base doping can then be controlled independently of the
NPN emitter doping. Growing a double epi layer with different doping lavals
produces the improvements shown in Figure 5-7. A bottom epi level (NEPIE)
doped at 1.0 x 1018 atoms/cc sets the NPN smitter and base doping level while
the top level (NEPIB) is varied to control the PNP base doping and the PNP
alpha. Figure 5-7 reproduces the corresponding curve in Figure 5-4 for a
base surface deposition of 1.6 x 1015 atome/cm? and a top base duping (NEPIB)
of 3.0 x 1018 atoms/cc. While a double epl layer may not be a practical
solution from a processing point of view, the arrival at this point haa sehown

the direction to be taken in improving the high temperature performance of 12L.
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Reports in the literature have indicated that the slow switching speed of
12 gates was due to & storage of minority carriers in the NPN emitter
vegion. This situation may be improved by using a thinner epitaxial layer
allowing the bass to drive down to the substrate and increasing the emitter
doping. 8ince the previous modeling results bad indicated that these doping
lqvoi changes would also improve the thermal operating characteristics, &
~ study of .p; thickness variations was undertaken.

The initial information needed was the base doping profile to be produced
in fabricated devices. Froq'publinhcd'4aca, the base doping at the surface -
‘was fﬁuﬂd to be 5.0 x 1018 bo:anfhtomo/éc.' At a depth of 2.5 microns, this
conccntrition was reduced to 1.0 x 1017 atoms/cc. These values allowed a

A ea

R of IRNRAREE - 2

computation of the surface concentration of boron atows before diffusiom and
the diffusion coefficient-time product. Once thess process parameters were

_known, the base doping profile could be computed. As the epi thicknass
varied, the depth to which the base reagion penetrated could be computed by
matching th.’concentrltion profile to the substrate or the api concentrations.
This matching resulted in a value for the junction depth and base/emitter
junction doping levels. Tha effective gain was modeled uoing this standard
base profili.- Figufé 5-8 shows the effect of epi thickness on the effective
gain and the high tempersture thermal roll-off.

~

o alk 4
ST

The thinner epi approach appears to be the optimum direction in which to
proceed for producing both faster devices and higher operacing temperatures.

This does pose & problem on device yield and gain variations eince driving the
base down to ths substrate references the base/emitter junction to the sub-
strare wvhile the collector/base junction is referenced to the surface. In

addition, forming the transistor base region near the epi substrate inter-

face may introduce yleld problems due to the defect density in that region. e
To correct this deficiency, the base deposition was incressed so the base S“‘tf
concentration could excesd that of the substrate doping. Then with a thin Lo
epl layer, the base diffusion could penetrate into the substrats and form ' ‘1
the base/emitter junction inside the substrate instead of within the epi

layer. This again references the junction depths to the chip surface and
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avoids the problem of epi thickness variations affecting NPN base wvidth. In
Pigure 5-9, the curves for 0.8 and 1.0 micron epi thickness superimpose
showing significant improvements in the upper operating limits and epi thick-
ness immunity. With the bese diffusion capable of penetrating slightly over 1
micron down into the chip substrate, the effect of & thicker epi would be to
form the base/emitter junction at the epi-substrate interface where the doping
lavel drops rapidly from substrate to epi. Porming the base/emitter junction
in chis transition region leads to the base width nroblems mentioned earlier
plus a more lightly doped junction. The remaining curves in Figure 5-9 and
the continuation in Pigure 3~10 for even thicker epitexial layers show how the
critical paremeter is the epi thickness. Howsver, as the epi thickness reaches
3 microns (Figure 5-11), the base/emitter junction is formed in the epi layer
above the pubstrate and the effect of the substrate and epi thicknese is
diminished.

Other effects were also modeled to illustrate their impact on the limite
to high temperature oparation. Previously, it had been assumad that the gain
of the NPN transistor had little effect on the operating limits. To test this
hypothesis, the base width was varied from 0.2 to 0.45 micron. The results
shown in Figure 5-12 for a fan=in of one indicate that as the NPN gain changes
by a factor of three, the roll-off temparature is changed by about 10° C. This
sensitivity to transistor gain is caused by the leakage current amplification
in the previous gate where the NPN Vbs is pulled down to Veat. An increase in
goin also increases the trlh.iltor'l thormal lc¢akage current,

Design rule allowances may also affect the maximum operating temperature
for 12, For example, the fan-out of a gate is determined by its design
(number of collectors) but the fan=-in may consist of sn arbitrary number of
collectors Or-Tied together. The modeling results for this variation shown in
Figure 5-13 indicate that as more collectors are tied to a gate input (NPN
base), their leakage currents divert more of the gate's injection current.
Thus the maximum temperature for operation is reduced until the thermally

generated leakage currents are scaled down to manageable proportions.

Realizing that leakage currents into previous logic stages were affecting
the desirable high temperature propertiass, an attempt was made to compensate
for these losses. Figure 35-14 shows the effect of varying the PNP injector
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size (base length) for a gate with a fan-in of 10, The intention was to
increase the injection efficiency to supply leakage currents to all the
collectors tied to that input. However, leakage currents of 5 microamperes
per collector at 250° C were sinking a majority of the total current (68
microemperes) injected intn the NPN gate,

Finally, from the modeling results, the processing changes ware speci-
fied for the fabrication of high temperature integrated injection logic and
these values modeled to project vhat may be expected. The base surface depo-
sition should be increased by a factor of four from the normal process to
provide a margin for production tolerances. A 0.2 chm=cm epilayer should be
growm on a 0.0l ohm=cm substrate and, as a fcoult, the basc/emiilter junction
is axpected to be formed in the substrate at a depth of 1.48 microns with thin
epl, The firet three curves in Figure 5~15 reflect the tolerance for epi
thickness variations in the final high temperature performance. The gain
decreases with decreasing epi thickness since the effective active area of the
PNP injector ia being decreased. At an epi thickness of 1.6 microns aud
larger in the figure, the base diffusion stops at the epi-subetrate interface
to form the basea/emitter junction which becomes progressively more lightly
doped as the epi gets thicker.

The lower effective gain, in general, is due to the more heavily doped
intrinsic base vegion., This is not expected to be a problem for two reasons.
Firet, the gate being wodeled was a quad gate with two injectors where a fan-
out of four was assumed. Bince a fan-out of two is normally used for high
temperature on radiation~hardened circuits, this would essentially double the
affective gain. 8econd, the moduling was performed with a fixed NPN base
width, 1In practice, this thickness is adjueted during fabrication to produce
acceptable gain hy trimming the collector diffusion time and thus the base
collector junction depth. A9 a result, ressonable gain and improved high
temperaturv performance can be expected from thase davices.
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6.0 SUMMARY AND CONCLUSIONS

The failure modes for high temperature electronics may be divided into
those affecting the gemiconductor material itself and those which degrade the
metallization and intercounections to the external world. Life tests ware run
to evaluate failure modes from both categorias. The alleviation of the most
critical modes of device failure was the prime goal of this program.

This program phase has demcnstrated that silicon based I2L semiconductors
can survive without degradation for over 5000 hours at 360° C. The circuits
used in this test employed aluminum metallization in which the current densi-
ties ware purposely Rept low to avoid electromigration failures. Thirty 12
ring oscillators were subjected to a powered test at 340° C while 30 more were
placed in an unpowered test at 360° C. No failures were found after 5000
hours in either case. From these results, it can be concluded that the silicon
semiconductor material has the intrinisic capability vo function at the 300° ¢
design point,

The majority of this program's resources wers directed toward the develop-
mant of a gold based metallization system and the associated diffumsion barrier.
The prime candidate to fill this need was a Ti-W/Au metallization. The prob-
lems that were addressed involved the ditfusion barrier integrity, the cohesion
of the metal system, and the reduction of hillock and void formation at ele-

vated temperatures.

Substantial improvements have been made in the titanium-tungeten diffusion
barrier during the course of this program, At the baginning of this phase,
the Larrier was demonstrated to be stable for up to 2000 hours at 300° C with
little change from the as-deposited condition. However, a need for highar
temperature accelerated testing resulted in complete barrier failures after 100
hours at 350° C. A solution to the high temperature barrier integrity problem
was implemented by "etuffing" the titanium-tungsten grain boundaries with
nitrogen during the deposition process. This solution resulted in diffusion
barriers which have survived for thousands of hours at 360" C with no degrada-

tion.
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The reactive sputtering (stuffing) of the Ti-W diffusion barrier in nitro-

gen created exceptional diffusion barriers but led to other problems due to
inadequate adhesion. The absance of sufficient adhesion between the Ti-W

layer and the gold layer or semiconductor suhstrate was characterized by metal
runs lifting or breaking at oxide steps during life tests, problems in bonding
sxternal connections to the chip metellizetions during packaging, and by the
ability to remove metallization with a tape peel test. The deposition of an
undoped Ti-W layer on both sides of the nitrogan "stuffed" layer is expected
to eliminate these symptous.

Cold hillock growth was found to be driven by the thermal expansion mis-
match between the gold nntullildtioh layers and the dndcrlying diffusion
barrier and semiconductor substrate. The gold laysr was placed in compression
at slevated temperatures which caused the hillock growth. Bolutions to this
problem include deposition of the gold at elevated temperatures and the
application of a passivation. The voiding in the gold layer that was observed
in early life testa was found to be caused by undercutting during the wet
chemistry etching used in defining the metallization pattern. This voiding
was eliminated through the use of lift-off and ion milling techniques instead
of chemical etching. ‘

Computer modeling investigations, aimed at improving the high temperature
performance of integrated injuction logic, were conducted using tha General
Electric 12, Gate Model. The results of this study indicated that doping
changes for the epitaxial layer and base diffusion could increase the high
temperature operating limits. In addition, the effects of design standards
and processing variables such as gate fan-in and transistor gain (beta) were
studied. A series of guidelines was developed for future designs and process-
ing to improve the high temperature performance of 12L.

This program has demonstrated that high temperature elactronice for oper-
ation up to 300° C can be constructed with the technology which is presently
available. Subatantial lifetimes can be obtained as demonatrated by the
accelerated life tests that were performed. The acceleration factors are not
known since the corresponding activation energies have not been determined.
However, if the activation energies were to fall within the range of 0.6 to

1.0 eV, then the ilifetime acceleration of the 360° C tests over operation at
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'300° C would be between 3.2 and 6.8. This, combined with the life testing
results, implies that the aluminum metalliged circuits could have survived
for over 2 years of continuous operation at 300° C without failure.

The Ti-W/Au metallization system developed during this program is being
life-tested in MSI IZL chip packages as part of Naval Research Laboratory
follow-on ﬁrogrlm‘CQntrlct No. NOOO14-83-C-2393, As of this rsport date
(March 1984), over 2000 hours at 360° C have been achisved and 10X of the
circuits have failed. No failures have bsen encountered after 2000 hours at
300° C. Testing is continuing.

Specific conclusions from this program are listed as follows:

' 121, integrated circuits with Al metallization can operate reliably
at 360° C for over 5000 hours if current densities are low. '

T L ———

e Life tests of MBI microcircuits fabricated uoihg Ti-w)Au metallica-
tions have demonstrated lifetimes exceeding 2000 hours at 360° C.

4 e A nitrogen doped Ti-W diffusion barrier has been shown to be an
& effective diffusion barrier between gold and eilicon at temperatures
I as high as 360° C. . ,

° Adhesion of Ti-W to gold or silicon oxides is degraded by barrier
Ygeuftfing." Good adhesion can be achieved by using as unstuffed
Ti=W layer at the interfaces.

I . Gold hillock formation caused by thermally induced strain can limit

| the life of gold wetallizations. Paseivation of the films with sil-
icon nitride can retard thie machanism, as can deposition of the
gold at elevated temperatures.

. )
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APPENDIX A

2

. . Il. EXPERIMENTAL RESULTS OF HIGH TEMPERATURE I°L TESTINGH

O

% Extracted from report R79ELS042 published by the Genaral Electric
Electronics Laboratory, Syracuse, N.Y. and printed with permission.
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I. EXPERIMENTAL RESULTS OF HIGH TEMPERATURE L TESTING

The Electronics Laboratory has, on-hand, wafers and packaged chips
from & series of developmental oxporl.m;ntl aimed at improving ths radiation
hardness of integrated injection logic (16L). These were tested (under Inda-
pendent Research and Development projecte) at clevated temperatures to
dotormmc tho operating extremes !or this logtc hmny

“The chlpn are a 1esult of two blpohr proceases . Thc oldcr standard

hnur process used a P substrate, N* buried island and 10, of N* epitaxial

silicon. As a result, the NPN emitters tend to be lightly doped and an in.
jected space charge m the emitter region slows the device switching time,

A simplified linear process aimed at reducing the om or space charge used
6uof N” epl on top of a N*+-substrate. Asa result, I En" processed by
the siwmplitied linear process switch faster than standard Linsar process sl.tu .
Through high tcmpersturd testing, it was found that the simplified linear
process gates, ring oscillators, flip-flops, and code generators failed at '
lower temperature than the gates and ring oscillators produced by the standard
)inear process. Although the processes are well-behaved established produc -
tion tachniques, it shonld be remembered that the high temperature taudts were
run on only two lots, one {rota each process. As & result, it cannot be stated
with certainty that one process produces better high-temperature 13L than the
other. Moagurements on chips resulting from the simplified linear process
wil be discussed first, followad by the chip measurements on ﬂlt ‘standard
linesr process .,

Figure 1 lllustrates some of the initial measurements made at the waler
level while sorting out good chips for peckaging. The tigure shows variations
in the speed-power product from wafer to wafer. Notice that the minimum
gate propagation delay ranges from 21 {0 36 ns. Thege measurements were
made on § wafers from a single lot,

Figure 2 shows the effect temperaturs has on the speed power product
for I3L. At lower injection currents, the curves approach a constant speed
power asymptote. This will ' roughly parallel to a constant speed-current
u.nc since the disaipated power is a product of the injection current and the

R‘tnnlmor base emitter voltage. The effect of increasing temperature
ou I4L is to reduce the transistor base-emitter voltage, as will be seen [rom
experimental and modeled results; thus the power dissipated for a given
injection current level will be reduced at elevated temperatures, An in-
teresting phenomena that occurs at about 150 LA Injection current (\n Figure 2)
1s a constant propagation delay over the entire temperature range from 35°C
to 380°C . This has potentlal applications on critical high speed logic, where
timing cannot be temperature sensitive.
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The measurements illustrated in Figure 2 were performed over injec-
tion levels ranging from 0 uA per gate to 1.4 mA per gate in a ring oscillator
composed of dunl fanout gates, It can be seen that the range of injection
currents over which oscillations occur decreaser with increasing temper-
ature. For the low injection current end of the operating range, at 330°C,
the gates will not operate below 45 LA per gate, This is a result of the
effective gate gain dropping below unity due to collector leakage current from
the previous off-stage. The leakage current sinks such & large fraction of
’ ' the injection current that the gate cannot turn on,

>

| As injection current increases, the propagation delay approaches a
} - minimum value due to the {requency Limitations of the transistor. This Limit
oy ~ is rvelated to the diffusion time needed to transport minority carriers across
- ~ the base region. As temperature increases, the minority carrier mobllities
decrease, increasing the base transit time. Ancther factor is the increased
resistivity of the silicon, which, together with higher current densities, leads
to problems such as emitter crowding and reduced gain. This, in turn, places
a limit on the maximum Injection cusrent at which operation is possible.

; _ rlzun_ 3 represents typical data on the maximum {requency of operation
i for a D-flip-flop as a function of total injection current. The curves are:

; similar to those presented in Figure 3 since similar effects are being repre-
! sentsd. The total injoction current is essentially shared equally by all the

-,‘ gates, while the maximum operating frequency is related to the reciprocal of

. the gate propagation delays. The relation between gate ?ropupuan times

> , and maximum clocking speed oocurs because a series of gates must change

| state during each clock cyole to enable the'flip-flop to toggle. Although the

: span of the input current measurement dops not reach two full decades, the
range of operation for the flip-flop at 350°C is clearly limited in the same
fashion as the ring oscillators in Figure 3. Again the maximum temperature
of operation is in the 3809C range.

| The operation of a larger array of gates than a flip-flop can be obsecved
. using the 16-bit pseudo om code generator. The code generators were
constructed {rom 40 dual I4L gates. The measured results are summarised
by Figures 4, S and 6. Figurs 4 shows the wafer-to-wafer variations observed
at the maximum frequency of operation st 38°C. Figure 8 again illustrates the
) effect of temperature on the maximum operating pointa. Figure & ghows an -
I increass in the minimum injection current opsrating points as temperature ' {
- increuses, similar to that observed in Figure 2 for ring osclllators. The
operating region {or the code generators is essentially all the space above
[ the curves in Figures 4 and 8. Intuitively, this seeins reasonable for any
) static logic family; i.e. that it will operate at any clock speed lower than some
k' - maximum, However, at temperatures near the maximum for correct opsra- -
tion, the code generstor operating region also becomes bounded at the lower : !
troquagc!u. Figure 6 shows the measurements made on one code generator
at 360°C. The range of injection currents is Mmited from about 66 LA per
gute to 380 LA per gate,which was a phenomena observed with the ring oscil-
lators and the D flip flops. However, the bound on the lower limits of
operating {requency is an anomaly only observed near the top of the temper-
ature range.
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Leakage currenrts in the reverse -biased junctions are a primary reason
for the high-temperature limitations of 12L logic. In an attempt to determine
the magnitude of the problem, the collector leakage current ({CBQO) Was meas-
ured for a quad Al cell as a function of temperature for the standard and
simplified linear processes. The leakage currents measured with a reverse
bias of 3.0 volts are presented in Figures 7 and 8. The two leakage currents
track, within device variations over the entire temperature range, as well they
should, since the P and N+ diffusions are similar for the two processes. An
important point to note 15 that Figures 7 and 8 do not represent the collector
leakage experienced by I°L logic gates under operating conditions. The col-
lector leakage current {1 will fall within a range [cpo < {1, < (8+1D) IcBO,
depending on the impedance to ground seen looking out of the base terminal.

In support of this, the collector leakage currents for operating gates have

been experimentally measured in the range of 20to 30 LA. As will be seen
later, when the leakage current reaches a magnitude comparable to the PNP
injection current, logic signals will no longer propagate down a gate chain.

Above 1309C, the leakage current Iopo increases an order of magnitude
every 500C (see Figures 7 and 8). In light of this, the results presented in
Figure 9 seem more impressive since the standard linear process ring oscil-
lators operate at 300°C over a current rangs comparable to the simplified
linear process oscillators at 250°C, Measurements were also taken at -38°C
to reconfirm that the device would operate at the bottom end of a military
temperature specification. An interesting point of Figure 0 similar to one in
Figure 3,18 that at 40 uA injection per gate, the propagation delay essentially
remains constant over the entire temperature range.

The effective gain for an 1L gate is defined as the maximum current
that a collector may sink divided by the current that will be withdrawn {rom
the base contact by a saturated transistor collector in the previous logic stage.
Obviously, if the previous stage collector cannot sink all the injection current,
or if the previous stage collector leakage sinks to much NPN base injection
current, the effective gain will be less than 1 and logic signal propagation will
stop.

Thus, the measured eifective gain, as shown u}Flguro 10, will also
provide an indication of the operational limits of an I°L gate. As a result, the
information provided by effective gain measurements complements those.
obtained from ring oscillator studies. The oscillator only operates if the

gain is greater than unity. Thus, they are useful when the absolute limits to
operation are to be determined, However, galn measurements also indicate

the available operating margin., Figure 10 shows how the effective gain varies
with temperature for various injection currents. When the gain drops below 1,

& logic system will not operate. This provides a quick check between effective
gain and ring oscillator predictions. For example, in Figure 10, the effective
galn for 10 LA injection current per gate drops below 1 at a temperature between
200°C and 300°C. Referring back to Figure 9, the lower limit for a ring oscil-
lator operation at 300°C is about 40 A injection current per gate. In this way,
a comparison may be made between the results of the two measurements. In

the previous example, a Quad-A2 gate cell was compared to results obtained
froin a dual fanout D2 ring oscillator. Considering these differences, the
agreement is acceptable.
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Figure 7. Simplified Linear Process Quad Collector Leakage Current ([~pe) ‘
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Other measurements that can predict operating limits a-e the NPN base
emitter voltage and the collector emitter saturation voitage. These parameters
" ’alse yield a mensure of the voltage noise margins. Figure 11 plots the mans-

ured base-emitter forward biased voltage drop for & Quad-A2 cell as a function
S of. umponmﬂ Figure 12 presents the NPN collector saturation volitages for
A ' " 8 Quad-A2 gate, also as a functinn of temperature. During operation, the PNP
c © . injection forward blases the NP!. base amitter junction and, with the collector
. condueting, a.low.(zero)logic sevel, is outputted to the !anowmg stage. The
e comctor sinks injection current’ Lnundod for the following stage, bringin m
A SRR down to the Vg, r level of the collsctor. This essentlally turns ol
L' wing stage pr ucln; a high (one) logic level. VSAT must be less f.hl.n
e .;;'lvnf. U'Vgaris oqun or grutcr than. v;; thon is no wly to turn off ny
4 °l ¢ l'-ll'-

e 'rho ouoct et valun nl.nc mrsm my bo olmrvod trom tho data prc-
unud in Figures. 1land 13. As shown in Figure 11, the Vpg for 1 uA ln-
- {ection-current i about 78 mV at about 3439C and ntuduy decreases with .
" rising temperatures. Figure 12 shows that the Vgar for 1 LA injection drops
© - to TS mV.at 1'uA injection at about tiis same temperature. This implies that
_- the voltage noise margin is zero and the device is about to fall. Figare 10
confirms this observation indicating that the effective gain drops below 1 at
‘about 380°C . The voltage nolse margin may be obtained for the complete
- operating region from the difference betwéen the voltages presanted in Fig-
- &:l and 12. “This provides a third indieation of the operating bounds for
an gute.

< .. . S

il

) - " A further consideration to the hl;h temperaturs operatiop of 131 logic
S is interfacing it to the outside world. Inputting signals to an I18L chip is
8 straightforward since an input is left to float or is shorted to ground, Outputs
3 from I6L gates come {rom the NPN open collector. If these are to be used to
: drive loads off chip, then both the current leakage and voltage breakdown are
i Smpomnt paramsters. To indicate whether collector breakdown Ls a critical
factor, V ?ﬁ‘° was measured for samples fabricated from both the lundud
and simplliied linear process. Vg is not as appropriate as Vo 5? for 18L.
gate operation since, in the off state, the NPN base is tied to ground through
a low-impedance saturated collector, Vep Will provide a lower Limit of the
breakdown voltage since leakage current wliﬁ be amplified by the gain of the
transistor. Figure 13 plots the measured Vog for the two fabrication pro-
cesses. As can be seen {from the plot, the breakdown voltage only changes
about 10% from room temperature to 3oo°c As a result, the NPN coliector
breakdown voltage variations, with temperaturs, are not conndom a dominant
factor in high-temperature 121 designs.

In summary, through measurements on 12L devices conducted at the P
Electronics Laboratory, it has been lound that couoctos leskage current is =
an {mportant lactor in the high temperature failure of I4L digital logic. The '
operational bounds may be determined by various methods, the easiest of
which is simply an observation of ring oscillator operation. Howaver, ring
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limits; they only provide an indication of effective gains greater than unity.
_ urements provide voltage nolse margins, both of which can be used to
‘gates, such as code generators and flip-flops, provide an important additional

~ bit of information; i.e. similar gates have similar ranges of oparation inde-
p::dcnt of the sise of the loglc array. This implies that, at high temperatures,

‘signed with cenfidence that they will operate under easentially tho same condl.
tions as a ring oscillator.
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oscillator studies do not provide a complete description of the oparating

Effective gain measurements indicate galn margins, and Vg and VBAI meag-
oter-
mine operating Umits. The studies of ring oscillators and larger arrays of

loglc array operation does not cumulatively degrade as a function of the
number of gates used in the logic. As a result, large gate arrays can be de-
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